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PREFACE   TO   THE    SECOND 
EDITION. 


Since  the  appearance  of  the  First  Edition  of  this  work  a 
desire  has  been  expressed  in  several  quarters  that  Alter- 
nating Current  Working  should  be  dealt  with  in  the  same 
volume.  My  original  intention  being  to  produce  a  book 
suitable  for  students  in  their  first  year,  I  deemed  it  advisable 
not  to  introduce,  in  a  course  designed  for  that  period,  what 
is  undoubtedly  the  most  difficult  part  of  the  subject ;  but, 
in  response  to  the  desire  of  others,  I  have  now  prepared 
three  additional  chapters  (XVII.,  XVIII.,  XIX.)  dealing 
with  Altematii^  Currents,  and  have  incorporated  these 
in  this  edition,  t(^ether  with  an  Appendix  of  Questions 
on  the  contents  of  the  whole  volume; 

Keeping  to  the  original  plan  of  treating  the  subject  as 
far  as  possible  on  non-mathematical  lines,  I  have  made  free 
use  of  vector  diagrams  in  the  new  chapters.  By  their  aid 
the  student  is  often  able  to  perceive  readily  what  would 
otherwise  involve  a  difficult  or  tedious  mathematical  de- 
monstration, and  I  trust  that  by  this  means  I  have  made 
tolerably  easy  the  apprehension  of  points  u^ich  often 
present  difficulties  to  students. 
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My  thanks  are  due  to  numerous  friends,  some  of  them 
experienced  teachers,  for  courteous  criticisms  of  the  First 
Edition  and  for  many  suggestions.  Of  these  I  have  freely 
availed  myself,  as  far  as  the  time  and  space  at  command 
would  allow. 

POLYTKCIINIC,  rkckkt  Stkbrt, 
London,  W., 

July  1903. 
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PREFACE  TO  THE  FIRST  EDITION. 


The  present  volume  being  based  upon  courses  of  lectures 
given  by  me  during  the  last  few  sessions  to  classes  of 
students  desirous  of  qualifying  as  electrical  engineers,  and 
my  aim  having  been  to  treat  the  subject  as  far  as  possible 
on  easy  and  non-mathematical  lines,  I  am  hopeful  that  the 
work  will  prove  acceptable  to  the  numerous  students  who 
are  to  be  found  attending  evening  and  other  courses  of 
instruction  at  Polytechnics  and  Technical  Schools. 

To  those  who  propose  taking  up  the  serious  study  of 
Electrical  Engineering,  and  intend  obtaining  more  than  a 
surface  knowledge  of  the  subject,  I  would  strongly  advise 
that  a  concurrent  course  be  taken  in  the  science  of 
Electricity  and  Magnetism,  which  underlies  all  practical 
applications  to  Electrical  Engineering  ;  and  to  those  whose 
time  for  study  is  strictly  limited,  this  science  course  may 
be  found  sufficient  for  the  first  year. 

I  have  avoided  a  mathematical  treatment  as  far  as 
possible,  and  the  numerical  problems  have  not  been  worked 
out  to  a  greater  degree  of  accuracy  than  is  required  for 
practical  work.  In  no  case  is  an  example  given  requiring 
more  mathematics  than  is  taught  in  the  first  stage  of  that 
subject 

It  is  of  course  impossible  to  describe  the  whole  range 
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of  apparatus  to  be  found  in  everyday  use,  without  unduly 
.  enlarging  the  book,  therefore  I  have  chosen  typical  well- 
tried  pieces  as  illustrations  in  each  case. 

I  am  greatly  indebted  to  Mr  W.  Hibbert,  F.I.C, 
A.M.I,E.E.,  Principal  of  the  Electrical  Engineering  and 
Physics  Departments  at  the  Polytechnic,  Regent  Street, 
for  very  great  assistance  extending  over  a  number  of  years, 
and  also  to  my  friend  Mr  E.  C.  Roche,  A.I.E.E,,  for  bis 
kindness  in  reading  the  manuscript  and  proof  sheets,  and 
for  several  suggestions, 

T.  SEW  ELL. 
polvtbchnic,  rsubnt  strsn*, 
London,  W., 
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INTRODUCTION. 

Within  a  remarkably  short  space  of  time  electrical  engineering 
has  been  so  largely  and  widely  developed  that  it  now  stands  in 
the  very  forefront  of  engineering  industries.  We  find  electricity 
everywhere  supplanting  the  older  forms  of  power,  and  it  hids  fair 
to  revolutionise  the  older  systems  of  traction  in  the  near  future. 
Already  many  railways  are  working,  or  are  about  to  be  worked, 
electrically,  while  many  more  are  in  course  of  construction  on  the 
same  lines. 

In  the  transmission  of  power  there  is  nothing  to  compare  with 
the  electrical  method,  for  the  electrical  motor  is  not  only  a  wonder- 
fully efhcient  machine,  but  is  very  small  for  the  power  developed, 
and  its  application  to  the  driving  of  all  kinds  of  machinery  in  our 
factories  and  workshops  is  now  becoming  universal.  It  has  many 
great  advantages  compared  with  other  motors.  First,  it  is  very 
compact,  taking  up  but  little  floor  space.  Secondly,  the  power  is 
easily  conveyed  to  the  motor,  for  an  electric  cable  can  be  passed 
through  small  spaces  and  around  obstacles  where  it  would  be 
almost  impossible  to  get  steam,  hydraulic,  or  pneumatic  pipes. 
Thirdly,  when  once  put  down,  a  motor  requires  but  little  attention, 
and  continues  to  work  with  high  efficiency  at  all  toads  for  long 
periods.  For  these  reasons  the  transmission  of  power  from  engine 
to  machines  by  means  of  long  lines  of  shafting  and  belts  is  practi- 
cally doomed,  while  the  wastefulness  of  a  number  of  smalt  steam 
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engines  in  a  large  factory  is  proverbial,  and  they  are  rapidly  giving 
place  to  electric  motors. 

Again,  the  whole  of  our  tramway  system — although  we  are 
lamentably  behindhand  as  compared  with  some  other  countries — 
is  now  being  electrically  equipped  with  surprising  rapidity,  and  it 
is  not  too  much  to  say  that  before  long  all  our  large  centres  of 
industry  will  be  connected  by  a  system  of  electric  tramways  or 
light  railways,  which,  besides  affording  ready  and  cheap  facilities 
for  travelling  between  those  centres,  will  allow  of  the  conveyance 
of  goods  during  the  night  as  well  as  the  daytime. 

But  electrical  engineering  does  not  stop  here,  for  the  same 
agent  can  be  utilised  with  the  greatest  advantage  for  lighting  both 
our  streets  and  our  dwellings  with  a  light  of  unequalled  power  in 
the  one  case,  and  free  from  the  objectionable  properties  of  gas  in 
the  other,  and  in  either  case  more  easily  managed  than  any  other 
ilium  in  ant 

Again,  electrical  engineering  finds  various  applications  in 
mining,  in  extracting  gold  from  the  ore,  in  the  cutting-out  and  the 
hauling  of  coal,  in  pumping  and  ventilating  the  mines,  and  in 
providing  the  miner  with  a  light  which  can  be  used  with  safety  va 
the  most  fiery  pits 

We  find  also  certain  processes  in  the  gre^  chemical  industries 
revolutionised  by  the  application  of  electricity,  and  every  year 
adds  to  their  number. 

Copper  and  other  metals  are  now  refined  almost  exclusively 
by  electricity,  and  large  works  have  sprung  up  in  several  districts 
owing  to  the  great  advantages  offered  by  the  electrical  process. 

In  the  development  of  electrical  engineering  entirely  new 
industries  have  thus  been  created.  The  products  of  the  electric 
furnace — aluminium,  calcium  carbide,  &c.^were  considered  rare 
and  costly  before  the  application  of  electricity,  while  now  they  are 
cheaply  produced  at  the  rate  of  many  thousands  of  tons  per 
annum. 

Anil  although  the  electrical  is  the  latest  developed  branch  of 
ring,  it  is  the  most  exact  in  its  measurements,  currents  as 
s  TTTTrn'trtrmr  ampere  and  less,  up  to  2,ooo  or  3,000  am- 
)eing  easily  and  accurately  measured.  The  same  remark 
to  the  measurement  of  electrical  pressure  and  power, 
corresponding  measurements  in  other  branches  of  engi- 
are,  to  say  the  least,  difficult,  in  electrical  work  powers 
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large  enough  to  operate  a  train  of  some  hundreds  of  tons  weight, 
or  poweis  so  small  that  no  ordinary  mechanical  device  could 
measure  them,  are  effected  without  special  precautions  or  elaborate 
device. 

The  oldest  branch  of  electrical  engineering,  namely,  telegraphy, 
with  its  sister  telephony,  have  reached  now  such  considerable 
proportions  as  to  demand  separate  and  independent  treatment 
and  study.  It  is  not  easy  to  realise  the  extent  of  work  now  done 
and  the  perfection  attained  in  its  execution  in  this  branch  ot 
electrical  engineering,  while  the  possibilities  even  in  the  immediate 
future  are  very  great 

This  rapid  survey  of  the  ground  covered  by  electrical  engi- 
neering will  perhaps  serve  to  indicate  the  far-reaching  importance 
and  ioterest  of  the  subject,  and  possibly  help  to  kindle  in  the 
student  something  of  the  enthusiasm  and  eagerness  in  his  wirk 
without  which  he  will  fail  to  do  justice  either  to  his  calling  or  to 
himself^ 
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CHAPTER  I. 

OHM'S    LAW. 

In  hydraulic,  pneumatic,  or  steam  engineering,  the  indications  of 
the  pressure  gauge  are  of  the  utmost  importance  to  the  engineer ; 
in  fact,  he  is  always  considering  and  asking  about  the  pressure, 
and  does  not  trouble  himself  much  about  the  water,  air,  or 
steam,  for  none  of  these  would  be  of  any  use  to  him  unless  they 
existed  under  a  certain  head  or  pressure.  It  is  simply  the  pres- 
sure under  which  they  exist  that  gives  to  them  their  working 
power. 

In  a  similar  way  the  electrical  engineer  is  always  concerned 
about  the  electrical  pressure ;  he  does  not  talk  or  think  so  much 
about  the  electricity,  but  the  electrical  pressure  is  always  in  his 
mind  as  being  of  the  first  importance. 

The  hydraulic  engineer  measures  his  pressures  in  pounds  pei 
square  inch,  that  is  to  say,  his  unit  of  pressure  is  that  exerted 
by  a  pound  weight.  The  electrical  engineer's  unit  of  pressure  is 
called  the  volt  (from  Volta,  an  Italian  electrician),  the  considera- 
tion of  which  we  will  leave  for  the  next  chapter.  It  is  owing 
to  this  pressure  that  a  current  of  electricity  flows  round  a  con- 
ducting circuit.  No  current  could  possibly  flow  unless  there  was 
a  difference  of  electrical  pressure  in  the  circuit,  in  the  same  way 
that  no  water  could  possibly  flow  through  a  water  conductor 
unless  there  existed  a  difference  of  pressure. 

Instead  of  speaking  of  the  electrical  pressure,  we  might  call  it 
the  electricity- moving  force,  or  the  electro- motive  force,  or,  for 
brevity,  the  e.m.f,  which  is  the  term  most  commonly  applied 
to  the  electrical  pressure;  thus  we  speak  of  the  e.m.f.  of  a 
circuit  as  being  equal  to  so  many  volts. 

It  would  perhaps  be  as  well  to  point  out  here  the  engineer's 
meaning  of  pressure. 
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We  may  exert  a  pressure  and  still  have  no  resultant  motion ; 
as,  for  example,  suppose  a  man  applies  a  pressure  (a  moving 
force)  at  one  end  of  a  table,  which  would  of  itself  be  able  to 
move  the  table  along  the  floor,  if  now  a  boy  pushes  at  the  Oppo- 
site end  and  in  the  opposite  direction,  it  is  certain  that  the  table 
would  not  be  moved  as  rapidly  as  before,  providing  the  man 
pushes  with  the  same  force  throughout,  while  if  another  man 
takes  the  place  of  the  boy  and  pushes  with  equal  force  to  the 
roan  opposite  to  him,  the  table  would  not  be  moved  at  all, 
although  there  is  now  a  greater  pressure  being  applied  to  the 
table  than  in  the  original  case.  It  will  therefore  be  seen  that 
the  result  obtained  does  not  depend  on  the  pressure,  but  on  the 
difference  of  pressure,  and  in  all  cases  where  pressure  is  spoken 
of  it  is  the  difference  of  pressure  that  is  meant. 

Returning  to  the  experiment  with  the  table,  we  have  just  seen 
that  before  the  table  can  be  moved  we  must  provide  a  table- 
moving  force,  but  when  this  is  provided  it  does  not  follow  that 
the  table  will  move  even  then — it  all  depends  upon  the  resistance 
offered.  We  can  imagine  a  very  heavy  table,  with  rough  feet, 
Standing  on  two  rough  boards,  and  the  man  applying  a  moving 
force  to  it  but  producing  no  movement;  whereas  when  the  floor 
has  been  smoothly  planed  he  may  be  able  to  move  it  slowly,  and 
by  fitting  wheels  or  casters  to  the  feet  of  the  table  he  may  be 
able  to  move  it  rapidly  with  the  same  moving  force. 

We  see  that  the  rate  of  movement  of  the  table  depends  partly 
upon  the  table-moving  force  applied,  and  also  in  part  upon  the 
resistance  offered  by  the  boards  on  which  the  table  stands.  It  is 
directly  proportional  to  the  former  and  inversely  proportional  to 
the  latter.  That  is  to  say,  if  we  double  the  moving  foree  while 
the  resistance  remains  the  same,  the  rate  of  movement  of  the 
table  will  be  doubled,  and  if  we  keep  the  moving  force  the  same 
and  halve  the  resistance,  the  rate  of  movement  of  the  table  will 
be  doubled.    This  could  be  stated  thus— 


Rate  of  movement 
of  table 


I  is  proportional  .o  able-moving  foree 
J  resistance 


Therefore  the  rate  of  movement  of  the  table  is  a  thing  entirely 
dependent  on  two  other  things,  and  in  trying  to  find  its  value 
we  have  to  ask,  first,  what  is  the  moving  force  available?  and 
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second,  what  is  the  resistance  offered  ?  The  same  applies  to  water 
moving  in  pipes,  and  this  is  perhaps  a  better  analt^  to  the  elec- 
trical case.  We  say  there  is  a  current  of  water  Sowing  through 
the  pipes,  but  this  current  is  flowing  simply  because  there  is  a 
difference  of  pressure  between  the  two  ends  of  ihe  pipes,  and  as 
the  pipes  offer  a  certain  resistance,  while  these  two  things  remain 
constant,  the  strength  of  the  current  will  remain  constant  also. 
If  we  desire  to  alter  the  rate  of  flow  (the  current),  we  must  alter 
either  the  water-moving  force  (the  head)  or  the  resistance  (the 
tap).  We  see  now  why  the  engineer  is  not  concerned  so  much 
about  the  current ;  he  may  want  a  certain  current  to  flow,  but  he 
gets  it  by  seeing  either  to  the  water-moving  force,  or  to  the  resist- 
ances, or  to  both. 


Fig.  1. 

If  we  now  apply  this  to  electricity  we  find  the  same  ideas  in 
the  mind  of  the  electrical  engineer.  If  he  desires  a  certain  cur- 
rent he  asks  himself,  "What  e.m.f.  (electro-motive  force)  have  I 
available?"  and  then,  "What  resistance  must  I  have  in  the  cir- 
Ciut?"  and  he  makes  all  alterations  in  tlie  current  strength  by 
adjusting  the  one  or  the  other,  or  both,  to  suit.  If  the  circuit 
has  a  fixed  resistance,  then  he  cannot  alter  the  cunent  flowing 
round  it  except  by  proportionally  altering  the  e.m.f.,  that  is  to 
say,  if  he  wishes  to  have  twice  the  current  strength  he  must  put 
twice  the  e.m.f,  into  the  circuit.  If  the  e.m.f.  has  a  fixed  value, 
then  he  cannot  alter  the  current  without  altering  the  resistance  of 
the  circuit,  thus — if  he  wishes  to  double  the  current  strength  he 
must  halve  the  total  resistance  of  the  circuit. 

All  the  so-called  generators  of  electricity,  dynamos,  batteries, 
&C.,  are  simply  devices  for  producing  and  maintaining  an  e.m.f. 
Some  dynamos  produce  high  e.m.f.'s  from  3,000  to  10,000  volts 
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and  even  higher,  while  battery  cells  produce  low  e.m.f.'s  from 
I  to  2  volta  only. 

To  make  the  analogy  between  the  water  system  and  the 
electrical  system  more  correct,  we  should  suppose  a  closed  cir- 
cuit of  pipes,  as  shown  in  Fig.  i,  completely  filled  with  water, 
having  a  rotary  pump  p  in  the  circuit,  and  furnished  with  a  tap  t, 
a  pressure  gauge  pg,  and  a  current  gauge  Cg. 

Suppose  now  we  turn  on  tap  t  and  start  the  pump  working, 
the  pressure  gauge  will  indicate  a  difference  of  pressure  in  the 
circuit,  and  the  current  gauge  will  indicate  a  current  flowing  round 
the  circuit.  In  this  case  we  are  not  generating  water,  ive  are 
simply  putting  into  motion  the  water  that  was  already  there,  and 


this  is  done  by  creating  a  ditfcrence  of  pressure  by  means  of  the 
pump,  and  by  providing  a  conducting  circuit.  If  we  stop  the 
pump,  the  two  indicators  will  point  again  to  zero,  but  there  is  just 
the  same  amount  of  water  there  as  we  started  with,  there  has 
been  no  consumption  of  water. 

In  the  same  way  we  have  to  think  of  an  electrical  circuit  (Fig.  a). 
The  dynamo  D  is  simply  a  device  for  producing  a  difference  of 
electrical  pressure,  and  is  put  into  the  circuit  to  act  exactly  as 
the  pump  does  in  Fig.  i.  If  we  switch  on  s,  which  is  comparable 
with  Cuming  on  the  tap  in  Fig.  i,  and  start  the  dynamo  working, 
the  pressure  gauge  (called  the  voltmeter)  VM  will  indicate  a 
difference  of  electrical  pressure  or  an  e.m.f.,  and  the  current 
gauge  (called  an  ampere  meter,  or  for  brevity  an  ammeter)  will 
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indicate  a  current  flowing  round  the  circuit.  In  this  case  we  are 
not  generating  electricity,  but  simply  putting  into  motion  elec- 
tricity that  was  already  there. 

Going  back  to  Fig.  i,  suppose  we  turn  ofl'  the  tap  t  and  keep 
the  pump  working,  then  the  current  meter  will  indicate  no  current, 
but  the  pressure  gauge  will  indicate  a  slightly  higher  pressure  than 
before.  Here  we  have  a  water-moving  force,  but  the  resistance 
in  the  circuit  is  now  exceedingly  great,  consequently  no  current 
can  Row. 

Similarly  in  Fig.  a,  if  we  switch  off,  still  keeping  the  dynamo 
running,  the  voltmeter  will  show  a  slightly  higher  pressure,  while 
the  ammeter  will  indicate  no  current.  Here  :^ain  we  have  the 
one  essential  for  a  flow  of  electricity  round  the  circuit,  but  not  the 
other,  for  in  switching  off  we  have  introduced  into  the  circuit  an 
enormous  resistance. 

We  have  previously  said,  with  regard  to  the  rate  of  movement 
of  (he  table,  that  it  could  be  stated  as  being  directly  proportional 
to  the  table-moving  force,  and  inversely  proportional  to  the  resist- 
ance^ or — 

Rate  of  movement  \      table-moving  force 
of  table  / 


In  the  same  way  we  can  write — 

Rate  of  flow  of  \  „  electro-motive  force 
electricity      /      electrical  resistance 

It  is  evident  that  we  might  so  choose  the  values  of  these  units 
that  "equal  to"  may  take  the  place  of  "proportional  to,"  ITiis 
has  been  done,  the  units  being  so  chosen  that  when  unit  e.m.f. 
is  employed  in  a  circuit  having  unit  resistance,  unit  current  flows 
through  it,  or — 

Cunml-  -iI2iL 
resistance 

This  is  known  as  Ohm's  law  ("Ohm"  being  the  name  of  an 
eminent  German  scientist,  to  perpetuate  whose  name  the  unit  of 
resistance  has  been  called  the  ohm). 

The  unit  current  has  been  named  after  an  eminent  French- 
man, Ampere,  so  we  say,  "The  current  in  amperes  is  egual  to 
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the  e.m.f,  in  volts,  divided  by  the  resistance  in  ohms."     Of 
course — 

volts 
ohms 
is  the  same  thing  as — 

Current = 


Ami>eres  = 


resistance 
Both  are  statements  of  Ohm's  law. 

It  will  be  noticed  that  we  have  referred  throughout  to  the 
current  as  being  net  the  movement  of  the  table,  or  the  flow  of 
water  or  electricity,  nor  yet  the  quantity  of  water  or  electricity 
moved,  but  as  tke  rale  of  movement.  Fifty  gallons  of  water  is 
not  a  current  of  water,  but  50  gallons  per  minute  is  a  statement 
of  the  rate  of  flow,  and  consequently  is  a  statement  of  the  current 
strength.  So  in  electricity,  a  quantity  of  electricity  is  not  a  current, 
but  a  certain  quantity  passing  round  the  circuit  per  second  is  a 
statement  of  the  current  strength.     A  current  is  the  rate  offiow. 

Ohm's  law  has  such  wide  and  universal  application  in  electrical 
engineering  that  there  are  but  few  problems  that  can  be  worked 
out  without  its  aid,  and  the  student  has  to  become  perfectly  ac- 
quainted with  it  before  he  can  get  very  far.  Ohm's  law  as  here 
stated- 
Current  =    ^'. 

resistance 

is  an  equation,  and  of  course,  like  all  simple  equations,  can  be 
tmnsposed.    Thus — 

=  ^•'"■'"-  ,  and 

current 

e.m.f  =  current  x  resistance 
are  only  different  ways  of  stating  the  same  thing.     To  make  this 
clear  to  a  beginner,  suppose  the  current  =  6  and  the  e.m.f.  =  12, 
while  the  resistance  =  a,  then — 

C  =  — — ^  or  6  =  —,  and 
R  3 

e.m.f.  12       J 

R  =  — —  or  2  =  — ,  and 
c  6 

em.f.  =  cxR  or  ra  =  6x  2. 
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Me  will  see  that  if  one  statement  be  true,  then  the  others  must  also 
be  true. 

Let  us  return  again  to  our  water  circuit  (Fig.  i)  and  examine 
it  more  closely.  Imagine  the  system  to  be  quite  full  of  water, 
and  remember  that  water  is  a  practically  incompressible  fluid.  If 
now  we  have  our  pump  at  work,  with  the  tap  turned  off,  we  shall 
have  a  difference  of  pressure  between  the  two  sides  of  the  pump 
but  no  current.  The  moment  we  turn  the  tap  on  a  current  will 
flow,  but  this  current  will  be  everywhere  in  the  circuit  of  the  same 
strength,  it  will  not  be  strongest  at  the  pump  and  get  weaker  as  we 
go  round  the  circuit,  but  wilt  instantly  have  the  same  strength 
everywhere,  and  the  current  does  not  get  used  up  in  going  round 
the  circuit 

This  is  exactly  the  case  with  the  current  in  Fig.  z.  If  the 
dynamo  be  at  work  we  have  an  e.m.f.  in  the  circuit,  but  while  the 
switch  is  off  no  cunent  can  flow.  The  moment  we  switch  on 
there  is  a  current  in  the  circuit  which  is  everywhere  of  the  same 
strength,  tu>t  stronger  near  the  dynamo,  and  getting  used  up  as  it 
goes  round  the  circuit,  but  of  the  same  strength  everywhere  in  the 
circuit 

Let  us  now  consider  a  few  problems  on  the  foregoing. 

I.  The  e.m.f.  in  a  simple  circuit  (Fig.  z)  is— loo  volts,  the 
resistance  of  the  whole  circuit  =  50  ohms.  What  current  will  flow 
through  the  circuit  ? 

Ohm's  law  says,  current"  — 


e.m.f. 


Therefore  in  this  case  c= —  =3  amperes. 

It  must  be  fully  realised  by  the  student  that  while  the  e.m.f, 
remains  at  roo  volts,  and  the  resistance  remains  at  50  ohms,  the 
current  in  that  circuit  will  be  2  amperes,  no  more  and  no  less. 
It  is  impossible  for  any  other  strength  current  to  flow. 

3.  The  resistance  of  the  circuit  being  reduced  to  10  ohms, 
while  the  e.m.r.  is  kept  at  100  volts,  what  is  now  the  strength  of 
the  current  ? 


Therefore  c  = =10  amperes. 
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3.  It  is  found  that  when  an  e.m.r.  of  100  volts  is  applied  to  a 
circuit,  a  current  of  25  amperes  flows.  What  is  the  total  Tesistance 
of  the  circuit  ? 

The  resistance  =  -^:^ 
current 

™.       ^        .          ■                   100  volts 
Therefore  the  resistance  = =4  ohms. 

25  amperes 

4.  In  the  same  circuit  we  find  that  by  twisting  upon  itself 
some  of  the  wire  of  which  it  is  composed,  the  current  increases  to 
50  amperes.  What  is  now  the  resistance  of  the  circuit,  and  how 
much  resistance  has  been  cut  out  by  so  twisting  up  the  wire? 

Again,  by  Ohm's  law— 

e.m.f. 


Therefore  the  resistance  =■  —  =>  t  ohms. 
SO 
It  had  four  ohms  previously ;  we  have  therefore  cut  out  4  -  2  = 
2  ohms. 

5.  In  a  circuit  of  20  ohms  resistance,  a  current  of  5  amperes 
is  flowing.    What  is  the  e.m.f.  in  the  circuit? 

By  Ohm's  law — 

The  e.m.f.  —  current  x  resistance. 
Therefore  the  e.m.f,  =  5  x  20=  100  volts. 

6.  What  is  the  e.m,f.  in  a  circuit  whose  resistance  is  equal  to 
10  ohms  when  a  current  flows  through  it  of  20  amperes? 

Again  as  above — 

The  e.  m.f.  =  current  x  resistance. 
The  e.m.f.  =  20  x  10  =  200  volts. 

Let  us  now  take  another  simple  circuit  and  study  it  in  detail. 

Fig.  3  represents  a  dynamo  joined  to  four  different  conductors 
«,  b,  c,  d,  all  having  different  resistances.  These  conductors 
joined  up  in  the  way  indicated  are  said  to  be  connected  in  series. 
In  such  a  case  the  current  has  only  one  path,  and  the  Strength 
of  the  current  must  be  everywhere  the  same,  consequently  the 
ammeter  to  measure  this  current  can  be  put  into  any  part  of  the 
circuit  In  Fig.  3  it  is  shown  between  a  and  d.  It  should  be 
noticed  that  the  ammeter  forms  part  of  the  circuit,  and  that 
consequently  all  the  current  goes  through  it,  while  the  voltmeter 


i^iCooc^lc 


OHWS  LAW.  9 

is  shown  joined  by  two  separate  fine  wires  to  the  dynamo  terminnls, 
and  so  forms  another  circuit  complete  in  itself,  similar  to  a  small 
bye-pass,  but  it  is  only  a  very  small  current  that  takes  this  path, 
for  the  resistance  of  that  instrument  is  purposely  made  large. 

Q.  What  current  will  flow  through  such  a  circuit  as  repre- 
sented in  Fig.  3  ? 

Ohm's  law  telb  us — 

T.i,„  „  _»  e.m.f,  loo 

ine  current  =  ^— — ; -, =  _-_  =  i  amperes. 


iK»/e.— We  are  here  neglecting  the  resistance  of  the  dynamo 
itself.  It  is  always  very  small,  but  in  many  cases  it  cannot  be 
neglected,  as  we  shall  see  almost  immediately. 


Fig.  3- 

The  total  resistance  of  the  circuit  is  here  made  up  of 
a^b^c^d,  but  the  same  current  flows  through  them  all,  and 
is  everywhere  of  the  same  strength.  It  must  be  distinctly  remem- 
bered that  the  current  flows  through  the  dynamo  itself  as  well  as 
through  the  external  resistances  a,  b,  c,  and  d.  If  this  is  not 
realised  by  the  student,  he  should  turn  back  to  Fig.  i.  Here  the 
current  of  water  does  not  start  at  the  pump  and  end  there  after 
going  round  the  circuit,  but  the  current  of  water  is  ever)wbere 
the  same,  and  goes  through  the  pump  as  well  as  through  the 
pipes. 

Now  Ohm's  law  applies  to  every  part  of  the  circuit  as  well  as 
to  the  whole.  We  might  ask,  What  is  the  e.m.f.  on  the  ends  of 
o,  b,  f,  and  d  respectively  ?    Here  Ohm's  bw  givus  us  the  solution. 
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The  e.m.f.  on  a  =•  current  in  a  x  resistance  qf  a. 

Therefore  e.m.f.  on(i=-2  xs  =  ro  volts. 

The  e.m.f.  on  ^  =  current  in  ^  x  resistance  of  b. 

Therefore  the  e.in.f.  oni=ixio  =  2o  volts. 

The  e.m.f.  on  ir  =  current  In  fx  resistance  off. 

Therefore  the  e.m.f,  on  f=3x  15=30  volts. 

And  emX  on  i/=current  in  ^xresistance  oid. 

Therefore  the  e.m.f.  on  rf  =  3x  10  =  40  volts. 
If  we  add  these  together  we  get  a=  10  volts  +  i=  ao  volts+f 
=  30  volts +1/ =140  volts — total  100  volts,  which  is  the  value  of 
the  cm.f.  generated  by  the  dynama 

We  thus  see  that  the  cm.f.  is  expended  in  the  circuit,  and 
unlike  the  current  is  quite  different  at  different  parts.  It  is,  in 
fact,  just  proportional  to  the  resistances  of  the  various  parts. 
Ohm's  law  tells  us  that  this  must  be  so,  for  if  the  same  current 
flows  through  all  the  conductors,  and  these  have  different  resist- 
ances, it  follows  that  the  greater  the  resistance  the  greater  must 
be  the  e.m.f.  expended  on  it  to  get  the  current  through  it, 
thus : — 

c  has  three  times  the  resistance  of  a,  and  we  find  that  it  has 
three  times  the  e.m.f.  expended  on  it  Again,  d  has  twice  the 
resistance  of  b,  and  has  twice  the  e.m.t  expended  on  it,  while  d 
being  four  times  greater  in  resistance  than  a  has  four  times  the 
e.m.f. 

This  opens  out  to  us  a  very  simple  m^hod  of  compartnft 
resistances.  If  we  join  their  ends  together  in  series  and  send  the 
same  current  through  them,  then  the  e.mf.  in  the  circuit  will 
divide  between  them  just  in  proportion  to  their  resistances.  If 
we  apply  a  voltmeter  to  the  ends  of  each  separate  resistance  the 
various  indications  of  the  voltmeter  will  be  proportional  to  the 
various  resistances.  If  we  include  in  the  circuit  a  resistance 
whose  value  is  known,  then  we  could  tell  the  value  of  the  others 
by  simple  proportion. 

Q.  The  same  current  is  sent  through  two  resistances  in  series 
A  and  X,  A»io  ohms  and  j:  is  an  unknown  resistance.  A 
voltmeter  when  connected  to  the  ends  of  A  reads  35  volts,  and 
when  connected  to  the  ends  of  x  reads  75  volts.  What  is  the 
resistance  of  «? 

The  voltmeter  readings  tell  us  the  proportion  of  the  two 
resistances  {as  the  same  current  was  flowing  through  both  when 
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the  two  readings  pere  taken),  for  the  e.m.f.  divides  up  in  such  a 
circuit  exactly  in  proportion  to  the  different  resistances. 

Therefore  the  two  resistances  are  in  the  proportion  of  25  :  75 
or  1 : 3,  that  is  to  say,  x  is  three  times  greater  in  resistance  than  a. 

But  A  is  10  ohms-  Therefore  x=\ov.^  =  ia  ohms.  We 
could  apply  the  same  method  to  any  number  of  resistances  in 
series,  providing  the  current  flowing  through  them  does  not 
vary. 

Fig.  4  gives  us  another  example.  Here  a  dynamo  is  repre- 
sented as  supplying  power  to  some  premises  at  a  distance.  The 
current  flowing  through  the  mains  =  100  amperes.     The  resistance 


Rtsistanee  oF  Mmns  >  •&tOhm. 


Fig,  4. 

of  the  mains  =  .02  ohm  (  =  y55-ohm).  What  will  be  the  e.m.f. 
spent  on  the  mains  in  getting  the  current  through  them. 

Ohm's  law  again  helps  us.     It  says — 

e.m.f.  spent  on  mains  =  current  in  mains  x  resistance  of  mains. 

Therefore  e.m.f.  spent  on  mains  =  100  x  .02  =  2  volts. 

Suppose  this  dynamo  be  able  to  generate  100  volts  when  no 
current  is  flowing  (on  open  circuit),  then  when  we  switch  on 
there  will  be  a  distribution  of  the  voltage  round  the  circuit  pro- 
portional to  the  resistances  of  the  various  parts.  We  should  find 
2  volts  spent  on  the  mains,  and  98  volts  in  the  premises  being 
supplied. 

Up  to  the  present  we  have  not  considered  the  resistance  of 
the  dynamo  itself,  but  the  small  resistance  at  this  part  leads  to 
many  important  consequences.  For  example,  in  the  case  of 
Fig.  4,  suppose  the  dynamo  had  a  resistance  of  .03  ohm,  then 
when  it  is  delivering  100  amperes  we  should  find  2  volts  Spent 
in  the  niftins,  and  another  z  volts  spent  in  getting  the  current 
through  the  dynamo  itself,  leaving  only  96  voUs  at  the  consumer's 
disposal,  and  if  he  had  arranged  for  his  lamps,  motors,  &c.,  to  be 
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worked  at  loo  volts,  he  would  not  be  content  with  96  volts  instead 
Besides,  we  shall  see  a  little  further  on  that  this  extra  .oz  ohm  in 
the  dynamo,  though  apparently  such  a  small  amount,  means  a 
loss  of  power,  while  it  continues  to  deliver  100  amperes,  of  more 
than  \  horse-power. 

Q,  A  dynamo  on  open  circuit  generates  105  volts.  It  has 
a  resistance  of  .01  ohm.  It  is  connected  to  mains  having  a 
resistance  of  .015  ohm.  The  ammeter  indicates  a  current  flowing 
of  aoo  amperes,  (i.)  What  will  be  the  voltage  at  the  further 
end  of  the  mains  ?  (a.)  What  will  be  the  voltage  spent  in  getting 
the  current  through  the  dynamo  and  the  mains? 

By  Ohm's  law  we  know  that  the  e.m.f.  spent  on  the  dynamo  = 
current  through  the  dynamo  x  resistance  of  the  dynamo. 

Therefore  e.m.f.  spent  on  dynamo  =  200  x  .01  =  a  volts. 

Again  e.m.f.  spent  on  the  mains  =  current  through  the  mains  x 
resistance  of  the  mains. 

Therefore  e.m.f.  spent  on  mains  =  300 x, 015  =3  volts. 

The  dynamo  on  open  circuit  generates  105  volts,  but  when 
delivering  aoo  amperes,  a  volts  are  spent  on  the  dynamo,  and  3 
volts  on  the  mains.  Therefore  at  the  further  end  of  the  mains  we 
should  have  ro5  -  5  « 100  volts. 

In  such  a  case  as  we  have  just  considered,  if  we  joined  a  volt- 
meter to  the  dynamo  terminals  while  it  is  running  on  open  circuit, 
it  would  indicate  105  volts.  The  ammeter  would  of  course  indicate 
no  current,  but  the  moment  we  switch  on,  and  so  allow  the  current 
of  300  amperes  to  flow,  the  voltmeter  would  suddenly  indicate 
103  volts,  the  other  2  volts  being  spent  in  getting  the  current 
through  the  dynamo,  owing  to  its  own  resistance.  To  distinguish 
this  letter  reading  from  the  former,  we  call  it  the  potential  differ- 
ence. We  say  the  dynamo  is  capable  of  generating  an  e.m.f. 
of  105  volts,  hut  the  potential  difference  when  delivering  aoo 
amperes  is  103  volts.  It  will  be  seen  that  the  potential  difference 
depends  on  the  current,  and  varies  with  it.  From  the  above  it 
would  be  quite  easy  to  calculate  the  resistance  of  the  dynamo,  for 
we  see  that  it  loses  2  volts  when  delivering  100  amperes,  and 
according  to  Ohm's  law — 

The  resistance  of  dynamo  -  ii-n.f- spent  in  dynamo 
current  through  dynamo 

Therefore  resistance  of  dynamo  =  - —  =.oi  ohm. 
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The  e.m.f.  and  also  the  potential  difference  or  p.d.  are  both 
measured  in  volts.  The  e.m.f.  is  spoken  of  when  we  are  con- 
sidering the  whole  circuit  including  the  generator,  while  the  p.d. 
is  used  when  we  are  considering  the  circuit  outside  the  generator  ; 
thus,  in  the  above  case,  we  have  for  the  whole  circuit  an  e.m.f  of 
105  volts,  but  for  work  outside  the  dynamo  only  103  volts. 

This  is  very  similar  to  the  indicated  and  bnke  horse-power  of 
a  steam-engine.  With  the  aid  of  an  indicator  we  can  make  a 
diagram  telling  us  the  value  of  the  horse-power  generated  in  the 
steam-engine  cylinder,  but  some  of  this  power  is  spent  in  over- 
coming the  frictions  of  the  moving  parts  of  the  engine  itself,  so 
that  for  work  outside  the  engine  we  must  deduct  a  certain  amount 
depending  on  the  amount  of  friction  in  the  engine.  The  horse- 
power as  measured  by  the  brake  on  the  fly-wheel  or  pulley  is  the 
horse-power  available  for  work  outside  the  engine,  and  is  always  less 
than  the  indicated  horsepower. 
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CHAPTER   II. 

UNITS  EMPLOYED  IN  ELECTRICAL 
ENGINEERING. 

\Vk  may  now  consider  how  the  units  we  have  been  using,  to- 
gether with  others  used  in  electrical  engineering,  are  derived. 
The  original  units,  known  as  Che  "  absolute  units,"  were  found  to 
be  inconvenient  for  practical  work,  and  consequently  the  practical 
units  employed  are  multiples  of  the  absolute  units  in  the  decimal 
system.  The  absolute  units,  to  which  we  must  ofien  refer,  are 
based  on  a  universal  system  of  units  known  as  the  C.G.S.  system, 
or  the  "Centimetre,  Gram,  Second"  system.  The  centimetre 
is  the  unit  of  length,  equal  to  y^  part  of  the  length  of  the 
standard  metre  kept  at  the  Board  of  Trade  Standards  Laboratory, 
the  original  being  in  Paris.  There  are  2.54  cm.  in  i  in.,  and 
therefore  i  cm.  is  just  a  litde  over  |  in.  The  gramme  is  the 
unit  of  mass  (sometimes  shortened  to  gram).  This  again  is  a 
very  small  unit  compared  with  the  pound.  It  is  the  mass  of 
water  at  its  maximum  density,  4*  C.  which  will  just  fill  a 
cube  of  I  cm.  side,  and  is  equal  to  only  xtt  "^-i  ^^  there  are 
453  grams  to  i  lb.  The  second  is  familiar  to  all  It  is  the 
short  space  of  time  represented  by  ^  minute.  All  the  other 
units  can  be  built  up  from  these  three.  For  instance,  unit  area 
is  the  area  covered  by  1  sq.  cm. ;  unit  volume  is  the  volume 
of  a  cube  of  i  cm.  side.  We  have  another  unit  in  this  system, 
not  found  in  mechanical  engineering,  viz.,  unit  of  force,  and 
this  has  been  called  the  "dyne,"  which  is  derived  from  the 
Greek  for  force.  This  is  an  exceedingly  small  unit  of  force 
compared  with  the  force  exerted  by  a  pound  weight  It  is  the 
force  which,  if  allowed  to  act  on  a  mass  of  i  gram  for  i 
second,  would  impart  to  it  a  velocity  of  t  cm.  per  second.  To 
get  a  more  definite  idea  of  the  meaning  of  this  force,  suppose  we 
have  a  pulley,  very  light  and  easy  running,  and  a  very  fine  cord 
passing  over  it  supporting  a  mass  of  one  gram  at  each  end, 
then  the  force  of  gravity  will  be  balanced,  and  there  should  t)e 
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no  tendency  for  either  to  move  downwards,  but  if  we  start  the 
sj-stem  moving,  Jt  will  continue  to  move  with  a  uniform  velocity 
until  damped  out  by  the  friction  of  the  air  and  the  pulley. 
If  the  pulley  were  quite  free  from  friction,  and  the  arrangement 
placed  in  a  vacuum,  then  the  masses  would  continue  to  move  at 
a  uniform  rate,  depending  on  the  force  applied  and  the  time  it 
is  applied,  till  stopped  by  the  limits  of  the  apparatus.  This, 
then,  is  made  the  measure  of  the  force.  It  is  such  a  force  which, 
if  applied  for  i  second,  makes  the  small  mass  of  one  gram  move 
with  a  velocity  of  i  cm.  per  second.  This,  it  will  be  noticed,  is 
independent  of  the  force  of  gravity,  which  varies  at  different  parts 
of  the  earth,  depending  upon  the  altitude.  It  would,  in  fact,  be 
the  same  force  if  measured  at  any  place,  whereas  the  force  exerted 
by  a  pound  weight  varies  with  position.  At  sea  level,  i  gram 
exerts  a  force  downwards  of  981  dynes,  due  to  the  action  of 
gravity.  As  there  are  453  grams  in  a  mass  of  i  lb.,  a  pound 
weight  would  exert  a  force  downwards,  due  to  gravity,  of  981  x  453 
dynes.    The  foregoing  is  here  tabulated ; — 

CiG.S.    SVSTEM. 


Unil. 

Name. 

RelukntoollKcUDiK. 

Length    - 

Cealiraelic 

Sq.  cm.    -         . 

Mass 

Force 

Gram       .        - 
Dyne 

453  grams  =  I  lb. 
981  dynea=:  1  gram. 

13,545,000  ergs^  I  foot-pound. 

Power 

I  erg  per  second. 

Time 

Second    ■ 

60  seconds  =  1  minule. 

Two  of  the  units  enumerated  above,  viz.,  work  and  power, 
must  be  further  considered.  Work  is  done  when  a  force  is  over- 
come through  a  distance,  or  when  a  weight  is  raised  against  the 
force  of  gravity.  The  amount  of  work  done  is  measured  by  the 
force  applied,  multiplied  into  the  distance  through  which  it  is 
applied,  thus: — Suppose  a  weight  of  50  lbs.  be  raised  10  ft., 
then  500  foot-pounds  of  work  are  done.  The  weight  in  again 
falling  to  the  ground  would  do  500  foot-pounds  of  work  also, 
and  we  should  in  this  way  get  back  the  work  done  in  raising 
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it.  When  the  weight  has  been  raised,  we  say  it  possesses  potential 
energy  owing  to  its  position.  We  have,  as  it  were,  stored  up 
so  much  work.  The  amount  of  potential  energy  possessed  by 
the  weight  depends  on  the  vertical  height  through  which  it  is 
raised.  It  will  be  observed  that  the  time  taken  in  raising  the 
weight  does  not  influence  the  amount  of  work  done.  It  would 
be  exactly  the  same  if  done  in  one  minute  or  one  year. 

But  the  rate  of  doing  work  depends  on  the  amount  of  work 
done,  and  the  time  taken  in  doing  it.  The  power  is  the  amount 
of  work  done  in  one  second  or  one  minute.  Suppose  it  takes 
5  minutes  to  raise  the  50  lb.  weight  through  10  ft.  Then  work 
done  =  5ox  10  =  500  foot-pounds.  Work  done  per  minute ^ifS 
«  100.  Therefore  power  or  rate  of  doing  work=  100  foot-pounds 
per  minute.  It  will  be  seen  that  power  can  be  very  large  with 
only  a  small  amount  of  work  done,  if  the  time  taken  in  doing  it 
be  very  short,  or  again,  we  can  have  a  very  large  amount  of  work 
done  with  a  small  power,  but  in  this  case  the  time  taken  in  doing 
the  work  will  be  large. 

In  the  C.G.S.  system  the  unit  of  weight  is  the  gram  and  the 
unit  of  length  is  the  centimetre,  and  therefore  the  unit  of  work  is 
the  work  done  in  raising  i  gram  vertically  through  1  cm.  This 
amount  of  work  has  been  given  a  name,  the  "erg"  (derived  from 
the  Greek  for  work). 

^^ain  with  power,  the  unit  of  time  being  the  second,  and 
the  unit  of  work  the  erg,  the  unit  of  power  is  the  rate  of 
doing  work  equal  to  i  erg  per  second,  instead  of  the  mechanical 
engineer's  unit  of  r  foot-pound  per  minute. 

The  units  of  work  and  power  in  the  C.G.S.  system  are  very 
small,  and  though  very  convenient  for  scientific  purposes  where 
the  forces  employed  are  of  a  small  order,  they  are  altogether  too 
small  for  the  present  engineering  work,  for  we  should  be  often 
speaking  of  so  many  millions  or  billions  of  ergs.  It  would  be 
comparable  to  using  an  inch  rule  to  measure  the  length  of 
England,  or  to  speak  of  the  weight  of  a  battleship  as  so  many 
pounds.  For  these  large  engineering  measurements  we  must  use 
some  large  multiple  of  the  standard. 

In  electrical  engineering  the  unit  of  work  is  known  as  the 
"joule,"  which  is  equal  to  10,000,000  ergs,  or  lo^  ergs.  This 
amount  of  work  is  equal  to  .7373  foot-pound,  or  nearly  three- 
quarters  of  the  work  done  in  raising  i  lb.  through  i  ft.     Our 
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engineering  unit  of  power  then  becomes  \  joule  per  second 
instead  of  1  erg  per  second,  and  ihi's  is  known  as  the  "watt" 

The  mechanical  engineer's  practical  unit  of  power  is  known  as 
the  horse-power.  U  was  first  determined  by  James  Watt,  the 
inventor  of  the  steam-engine,  for  he  was  always  asked  to  provide 
an  engine  to  replace  so  many  horses,  and  he  therefore  had  to  find 
out  the  rate  of  doing  work  by  the  best  horses  throughout  the 
whole  working  day.  After  repeated  trials  he  fixed  this  at  33,000 
foot-pounds  per  minute,  or  550  foot-pounds  per  second. 

I  watt  is  equal  to  .7373  foot-pound  per  second. 

Therefore  i  h.p.  =  -     -  =  746  watts,  or  746  joules  per  second. 


We  have  now  to  consider  the  electrical  units  of  current,  re- 
sistance and  electro-motive  force  or  potential  difference,  that  we 
have  been  using  in  the  last  chapter. 

The  science  of  magnetism  was  known  earlier  than  electrical 
science,  and  many  of  the  magnetic  units  were  fixed  and  used  long 
before  the  phenomenon  known  as  an  electric  current  was  dis- 
covered. One  of  the  first  discoveries  in  magnetism  was  that  two 
magnetic  poles  would  attract  or  repel,  and  again  that  the  poles 
pointed  approximately  north  and  south,  and  that  two  poles  which 
pointed  in  the  same  direction  repelled  each  other,  and  two  poles 
which  pointed  in  opposite  directions  attracted  each  other.  This 
attractive  and  repellent  power  was  made  a  measure  of  the  strength 
of  magnetic  poles  in  this  way : — 

Suppose  we  have  two  poles,  exactly  alike,  and  place  them 
I  cm.  apart  with  their  other  poles  far  removed,  then,  if  the  force 
of  attraction  or  repulsion  be  unit  force  (1  dyne),  both  poles  shall 
be  called  unit  poles. 

If  now  one  of  these  unit  poles  be  placed  1  cm.  away  from 
any  other  pole,  the  force  of  attraction  or  repulsion  in  dynes  is  a 
measure  of  the  strength  of  that  pole. 

As  soon  as  it  was  discovered  that  an  electric  current  gave  rise 
to  a  magnetic  field,  it  was  seen  that  we  might  use  the  unit  mag- 
netic pole  to  measure  also  the  strength  of  the  current.  But  the 
magnetic  field  so  created  is  continuous  wilh  the  conductor  carry- 
ing the  current,  and  therefore  the  greater  the  length  of  the  con- 
ductor we  bring  to  bear  on  the  unit  pole,  the  greater  would  be  the 
force  exerted  by  it.     We  have  therefore  to  take  a  unit  length  of 
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the  conductor  (i  cm.).  But  as  the  magnetic  field  varies  not  only 
with  the  strength  of  the  current,  but  also  on  its  distance  from  the 
unit  magnetic  pole,  it  follows  that  all  parts  of  the  i  cm.  length  of 
the  conductor  must  be  at  the  same  distance  from  the  pole,  and 
this  distance  must  again  be  unit  distance  (i  cm.).  We  see,  there- 
fore, that  to  comply  with  the  above  requirements  we  must  take 
I  cm.  length  of  the  conductor,  and  bend  it  into  an  arc  of  i  cm. 
radius,  and  place  the  unit  magnetic  pole  at  the  centre.  If  now 
the  current  be  adjusted  till  the  force  exerted  on  the  unit  m^netic 
pole  be  1  dyne,  then  we  have  got  the  absolute  unit  current 

The  absolute  unit  of  current  has  been  replaced  by  a  practical 
unit  of  -^  its  value,  and  this  practical  unit  (which  we  shall  use) 
is  known  as  the  "ampere." 

The  unit  of  electro-motive  force  or  electrical  potential  difference 
is  measured  indirectly,  by  measuring  the  work  done  in  urging  the 
unit  quantity  of  electricity  between  any  two  points.  This  may 
not  be  clear  at  first  sight,  but  let  us  consider  the  similar  problem 
in  mechanical  engineering.  Suppose  we  wish  to  measure  the 
height  of  a  building  or  tower,  and  imagine  we  have  an  instrument 
for  measuring  work  done,  then  we  could  measure  the  height  by 
finding  how  much  work  is  done  in  lifting  the  unit  quantity  (i  lb.) 
to  the  top  of  the  building.  Suppose  goo  foot-pounds  of  work  are 
done,  then  the  height  is  500  ft. 

But  what  is  the  unit  quantity  of  electricity?  We  have  seen 
(Chapter  I.)  that  the  current'is  the  rate  of  flow,  and  is  therefore 
equal  to  the  quantity  divided  by  the  time.  Therefore  the  unit 
quantity  is  the  quantity  of  electricity  that  passes  round  the  circuit 
in  r  second  when  a  current  of  i  absolute  unit  flows.  The  ampere 
is  only  -^j;  of  this  current,  and  therefore  the  practical  unit  of 
quantity  is  only  y'^  the  absolute  unit  also.  This  practical  unit  is 
known  as  the  "  Coulomb." 

The  work  done  is  measured  by  the  quantity  raised,  multiplied 
into  the  height  through  which  we  raise  it.  In  electrical  work  the 
potential  diJTerence  is  the  equivalent  of  the  vertical  height  in 
mechanics  or  the  head  in  hydraulics,  and  therefore  if  v  stands  for 
the  potential  difference  and  Q  for  the  quantity,  the  work  done 
w=QV  ergs(the  ergbeing  the  unit  of  work).  Therefore  absolute 
unit  potential  difference  exists  between  any  two  points  when  i  erg 
.  of  work  is  done  in  ui^ing  absolute  unit  quantity  of  electricity  from 
one  point  to  the  other. 
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But  for  practical  purposes  we  decided  to  take  a  unit  for  work 
equal  to  10^  ergs,  and  a  unit  for  quantity  equal  to  -^^  absolute 
unit,  and  therefore  for  practical  purposes  tV  Qx  v=  10^  ergs. 

Therefore  v-  "?,"^^  « lo"  absolute  units. 

That  is  to  say,  the  practical  unit  of  electro-motive  force  or 
potential  ditTerence  is  equal  to  100,000,000  absolute  units,  and 
this  is  known  as  the  volt. 


in  absolute  units  a  conductor  has  unit  resistance  if  the  absolute 

unit  current  flows  in  it  when  its  ends  are  maintained  at  an  e.m.f 

of  absolute  unit  value.     For  practical  purposes,  however,  e.m.f. 

™io*,  and  the  current— y>,  absolute  unit.    Therefore  the  practical 

TO*  e  m  f 
unit  of  resistance  =  — ^ — —  =  ro*  absolute  units  ■■  i  ohm. 

We  have  seen  that  work  done  is  equal  to  Qv,  and  power  is  the 

rate  of  doing  work  =  ^£l!Li221.   Therefore  ?^  -  power.     But  H 
*  time  /     "^  / 

is  the  measure  of  the  current,  and  therefore  -  x  T  is  the  measure 

of  the  power =vc.  We  have  also  seen  that  for  practical  purposes 
v=  10^  and  c=^  absolute  unit,  and  the  absolute  unit  of  power 
is  r  erg  per  second. 

Therefore  ^=cV"=^xio*"=io^  ergs  per  second,  that  is, 

I  joule  per  second,  or  i  watt. 

Therefore  the  product  of  the  e.m.f.  in  volts  and  the  current 
in  amperes  gives  us  the  power  in  watts. 

This  is  similar  to  the  mechanical  engineer's  method  of 
measuring  power.  It  is  not  sufficient  to  consider  the  current  or 
the  pressure  alone,  as  we^  see  by  referring  back  to  Fig.  i.  When 
the  pump  is  at  work  and  a  current  flowing  through  the  pipes,  the 
circuit  is  absorbing  a  certain  amount  of  power.  Suppose  we 
suddenly  turn  off  tap  T,  the  current  will  stop,  and  the  circuit  is 
now  absorbing  no  power  thoi^h  there  is  still  a  difference  of 
pressure  in  the  circuit.  We  therefore  see  that  a  current  is 
necessary  before  we  can  speak  of  the  power.  But  the  current 
that  flows  is  not  a  measure  of  the  power  in  the  circuit,  for  it  is 
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possible  to  have  a  large  current  flowing  and  still  very  little  power, 
whereas  in  another  circuit  the  current  may  be  relatively  very  small 
while  the  power  in  the  circuit  is  very  lai^e.  The  power  depends 
in  part  on  the  current  strength,  and  ^so  on  the  value  of  the 
presiiure  under  which  the  current  flows. 

This  may  be  further  illustrated  by  considering  a  hydraulic  lift. 
We  have  oflen  seen  a  large  heavy  cage  full  of  passengers  being 
raised  at  a  certain  rate  to  the  top  of  some  building.  Tliis  is  done 
by  allowing  water  to  enter  a  long  narrow  cylinder  containing  a 
very  good  fitting  rod  of  steel  attached  to  the  under  side  of  the 
floor  of  the  cage.  As  the  water  enters  at  the  bottom,  it  pushes 
the  rod  or  ram  out  of  the  way,  and  consequently  the  lift  is  raised. 

Now,  comparatively  speaking,  very  little  water  is  required  to 
raise  the  lift  to  its  full  extent,  and  therefore  the  current  is  small, 
but  the  water  is  forced  into  the  cylinder  under  a  pressure  of 
perhaps  2,000  lbs.  on  each  square  inch,  and  the  water  is  thus 
given  enough  working  power  to  enable  it  to  raise  the  heavy  weight 
of  the  lift  at  a  fairly  rapid  rate. 

It  therefore  follows  that  the  power  possessed  by  the  water 
depends  on  the  pressure  or  head  of  water,  and  on  the  current 
that  flows,  for  if  the  current  flows  under  a  very  small  head  it 
possesses  but  a  very  small  amount  of  power,  and  if  there  be  no 
current  we  absorb  no  power,  whatever  the  pressure  may  be.  To 
get  the  value  of  the  power  we  must  therefore  multiply  the 
current  flowing  by  the  pressure. 

It  will  be  noticed  that  if  we  only  partially  turn  on  the  tap, 
water  will  enter  the  cylinder  at  a  slower  rate,  that  is  to  say,  the 
current  will  be  smaller,  consequently  the  lift  will  be  raised  at  a 
slower  rate,  though  even  at  a  slower  rate  we  should  eventually 
arrive  at  the  top.  But  the  lift  cannot  be  raised  from  the  bottom 
to  the  top  without  a  certain  definite  amount  of  work  being  done, 
consequently  whether  we  move  quickly  or  slowly  to  the  top  will 
not  make  any  difference  in  the  amount  of  work  done,  it  is  only 
the  rale  of  working  that  will  be  different.  Evidently  the  power 
we  employed  in  moving  the  lift  when  the  tap  was  only  partially 
turned  on  was  less  than  when  the  tap  was  full  on,  for  the  current 
was  less  while  the  pressure  in  the  two  cases  was  the  same.  In 
the  one  case  we  used  the  smaller  power  for  a  longer  time,  and  in 
the  other  case  the  larger  power  for  a  shorter  time. 

Q.  I.  An  incandescent  electric  lamp  takes  a  current  of  .6 
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ampere  when  joined  to  mains  at  a  diflerence  of  potential  of  loo 
volts.     What  power  is  spent  in  the  lamp? 

Power  =  voJts  y  amperes. 

Therefore  the  power  spent  in  the  lamp=  ioox.6  =  6o  watts. 

Q.  2.  A  circuit  has  a  resistance  of  5  ohms,  and  is  joined  to  a 
dynamo  that  is  generating  an  e.m.f.  of  50  volts. 

(i)  What  is  the  current  flowing  through  the  circuit?  and  (2) 
What  is  the  power  being  absorbed? 

The  current  by  Ohm's  law  =  -  =  —  =  10  amperes. 

The  power  absorbed  is  equal  to  c  x  v  watts  =  10  x  50  =  500  watts. 

Q.  3.  A  dynamo  is  delivering  a  current  of  100  amperes.  Its 
resistance  is  .02  ohm.  What  is  the  amount  of  power  spent  in  the 
dynamo  itself? 

The  e.fti  f.  spent  in  getting  roo  amperes  through  the  dynamo 
is,  by  Ohm's  law,  equal  to  the  current  through  the  dynamo,  multi- 
plied by  the  resistance  of  the  dynamo. 

Therefore  e.m.f.  spent  on  dynamo  =  100  x  .oz  »  2  volts. 

The  power  spent  in  the  dynamo  is  equal  to  c  x  v  watts  =  100 
X  2  =  200  watts. 

Q.  4.  A  resistance  of  2  ohms  is  put  into  a  circuit,  which  then 
makes  the  total  resistance  of  the  circuit  equal  to  10  ohms.  The 
e.m.f.  in  the  circuit  is  100  volts.  What  is  the  power  being  ab- 
sorbed by  this  added  resistance? 

The  power  absorbed  in  watts  is  equal  to  the  e.m.r.  on  the 
added  resistance,  multiplied  by  the  current  throi^h  the  added 
resistance. 

llie  volts  spent  on  the  added  resistanre  is,  by  Ohm's  law, 
equal  to  the  current  through  it,  multiplied  by  the  resistance  of  it 

Therefore  volts  spent  on  added  resistance  =  current  through 

itX2. 

The  current  through  the  added  resisunce  is  equal  to — 
e.m.f. 
resistance 

Therefore  volts  spent  on  added  resistance  =  10  x  i  =  zo  volts. 
The  power  absorbed  by  the  added  resistance  ~  crn.f.  on  it  x 
current  =  20x10=  300  watts. 

We  might  write,  for  the  power  absorbed,  c'r  instead  of  e.m.f. 
X  c,  because  by  Ohm's  law,  the  e.m.f.  is  equal  to  the  current  x 
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resistance,  and  if  we  put  (o^r)  instead  of  e.m.f.  we  could  write 
(c  X  r)  X  c  =  c*R.  In  ihis  case,  no  useful  work  is  done,  the  power 
being  simply  frittered  away  in  healing  the  resistance,  and  c^R  is  a 
measure  of  the  heat  being  developed  in  any  circuit  Useful  work 
is  done  or  enei^  is  stored  only  when  a  back  e.m.f.  is  introduced 
into  the  circuit.  Thus,  if  we  want  work  done  by  an  electric  motor, 
then  the  motor  must  develop  a  back  e.m.f.,  which  it  does  the 
moment  it  starts  rotating,  otherwise  our  energy  will  be  spent  in 
simply  warming  the  motor  conductors. 
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CHAPTER   III. 

SERIES  AND  PARALLEL  CIRCUITS. 

Current  Density  and  Potential  Drop  in  the  Circuit. 

In  the  simple  circuite  considered  up  to  this  point,  all  the  power 
put  into  the  circuit  is  transformed  into  heat,  and  unless  the  heat 
is  utilised  for  lighting  or  other  purposes,  the  power  is  wasted. 

Let  us  consider  the  absorption  of  power  at  the  different  parts 
of  the  circuit.  We  have  seen  that  the  power  =  vc,  and  also  that 
V  is  proportional  to  R.  The  current  being  of  the  same  strength 
throughout,  it  follows  that  the  power  absorbed  at  different  parts 
of  the  circuit  is  proportional  to  the  resistances  of  the  different 
parts.  Referring  again  to  Fig.  4,  and  taking  the  resistance 
of  the  dynamo  as  equal  to  .03  ohm,  the  resistance  inside  the 

premises  is,  according  to  Ohm's  law,  R  ~  ( '- )  -  resistance  of 

mains  and  dynamo.  Therefore  R  =  {|JJ)  -  .04  =  i  -  .04 <b.96 
ohm.  How  is  the  power  distributed  in  this  circuit?  The  power 
at  each  part—vc.  Therefore  the  power  spent  on  the  mains^ 
voltage  drop  on  the  mains  x  current  in  mains.  But  voltage  drop 
on  the  mains,  by  Ohm's  law,  is  equal  to  the  cunent  flowing  in 
the  mains  x  resistance  of  the  mains,  and  therefore  vre  can  write 
C  X  R  instead  of  V. 

Therefore  power  spent  on  mains  =  vc={cxR)c=c*R=>ioo* 
X  .03  =  200  watts.  This  amount  of  power  is  simply  wasted  (in 
this  case)  in  urging  the  current  through  the  mains,  and  it 
manifests  itself  in  heating  them. 

The  same  applies  to  the  dynamo,  for  there  we  have  in  our 
supposed  case  another  resistance  of  .01  ohm,  and  as  the  current 
flows  through  it  we  get  there  another  waste  of  energy  of  aoo  watts 
-tSJ  horse-power,  which  makes  the  dynamo  conductors  warm. 
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Inside  the  premises  we  have  power  utilised  equal  to  c^k  =  loo'  x 
.96  =  9600  watts  or  V/i  = ' *-^^  horsepower. 

The  power  spent  on  the  mains  and  dynamo  is  of  great 
importance  in  practice,  for  it  limits  the  carrying  capacity  of 
both. 

We  have  very  frequently  spoken  of  the  resistance  of  the  mains 
and  the  resistance  of  different  parts  of  the  circuit,  but  the  re- 
sistance can  be  varied  in  ways  we  will  now  consider. 

If  we  take  a  piece  of  wire  having  a  known  resistance,  and  cut 
it  into  two  equal  lengths,  we  tind  on  measuring,  that  each  piece 
has  just  half  the  resistance  of  the  former  piece,  that  is  to  say, 
the  resistance  of  a  given  wire  of  uniform  section  is  proportional 
to  its  length. 

But  the  resistance  also  depends  upon  the  sectional  area.  Thus, 
if  we  take  three  pieces  of  wire  made  from  the  same  material,  but 
having  sectional  areas  in  the  proportion  of  1:3:3,  ^"^^  cut  them 
all  to  the  same  length,  we  hnd  their  resistances  to  be  in  proportion 
q{  \  •.\:\.  That  is  to  say,  their  resistances  are  inversely  pro- 
portional to  their  sectional  areas. 

The  student  must  be  careful  here  to  remember  that  the  ratio 
of  the  sectional  areas  is  not  the  same  thing  as  the  ratio  of  their 
diameters.  It  will  not  do  to  say  the  resistances  of  two  wires  of 
the  same  material  are  as  i  :  2  because  their  diameters  are  as  2  :  i, 
for  such  would  be  altogether  wrong,  the  area  of  a  circle  being 
proportional  to  the  square  of  the  diameter.  As  an  example, 
suppose  we  have  two  rods,  one  3  in.  diameter  and  the  other  6  in. 
diameter,  then  their  diameters  are  in  the  ratio  of  1:3,  but  their 
areas  are  in  the  ratio  of  3* :  6'  or  1  : 4.  So  that  if  these  rods 
were  of  the  same  material  and  of  equal  length,  the  3  in. 
diameter  one  would  have  four  times  the  resistance  of  the  6  in, 
one. 

The  resistance  of  conductors  also  varies  very  largely  with  the 
nature  of  the  material  used.  For  instance,  if  we  take  three  diSerenl 
wires,  all  the  same  length,  and  the  same  in  sectional  area,  but  one 
made  of  copper,  another  of  iron,  and  the  third  of  gcrman  silver, 
their  resistances  would  be  in  the  ratio  of  i :  6  ;  13.  It  is  useful  to 
remember  these  figures  as  being  approximately  correct,  for  the 
three  metals  named  are  in  great  demand  in  electrical  engineering. 

The  following  is  a  list  of  the  most  ■commonly  used  metals,  with 
their  relative  resistances  and  specific  resistances: — 
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Meul. 

Silver 

I.OOO 

oooooiso 

Copper,  soft      - 

1-063 

„        hard  drawn  - 

1.0S6 

00000163 

Aluminiuro         ■ 

1.98s 

00000291 

Zinc          -        - 

3-74' 

00CX10561 

PlaUmun   - 

6.022 

6.460 

Lead 

1305 

Cemnn  silver    ■ 

I3-<W 

00002093 

Mercury    -        ■                 .        . 

62.73 

00009432 

The  third  column  headed  specific  resistance  is  giving  the  re- 
sistance of  unit  length  of  the  different  metals  each  having  unit 
sectional  area.  The  unit  here  used  is  not  the  English  "inch," 
but  the  French  "  centimetre,"  and  the  area  is  the  square  centimetre. 
There  are  2.54  cm.  in  1  in.,  therefore  the  unit  length  of  metal  of 
unit  sectional  area  would  represent  a  small  cube  of  the  metal 
about  %  in.  across  the  face. 

The  specific  resistance  really  shows  us  the  influence  of  the 
nature  of  the  material  spoken  of  above,  for  here  the  metals,  when 
reduced  to  unit  length  and  unit  sectional  area,  have  quite  different 
resistances. 

The  table  is  very  useful  if  the  specific  resistances  can  be 
remembered,  for  we  can  then  calculate  at  once  the  resistance  of 
any  wire  by  simply  measuring  its  length  and  its  sectional  area. 
The  student  should  therefore  try  to  remember  the  specific  resist- 
ance of  the  three  common  metals  used,  viz.,  copper  =  .oooooi6, 
iron  =  .00001,  and  german  silver  =  .000021.  A  few  examples  will 
show  the  use  of  this  table. 

We  have  already  seen  that  the  resistance  of  a  conductor  is 
proportional  to  its  length  and  to  its  specific  resistance,  and  in- 
versely proportional  to  its  sectional  area.  This  can  be  written  in 
the  form  of  a  simple  equation,  thus^ 


X  sp.  res. 


Q.  A  copper  wire  .05  sq.  cm.  in  section  is  i 
What  is  its  resistance  ? 


.  long. 
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Here  R-l^xsp.  res. 

Therefore  R  = x,oooooi6  =  ,03a  ohm. 

■05 

Note. — It  must  be  remembered  that  in  using  this  formula  the 
length  must  be  in  centimetres,  and  the  sectional  area  must  be  in 
square  centimetres,  because  the  specific  resistance  is  given  as  the 
resistance  of  i  cm.  length  having  a  sectional  area  of  i  sq.  cm.  Of 
course  we  could  take  values  for  the  speciQc  resistance  correspond- 
ing to  I  in.  length  having  i  sq.  In.  sectional  area,  and  this  is  often 
done.  The  values  in  these  units  can  easily  be  calculated  by  multi- 
plying the  values  given  for  i  cub.  cm.  by  3.54  and  dividing  the 
result  by  6.45.  This  is  equivalent  to  multiplying  by  .393.  For 
copper,  this  is  equal  to  .0000006. 

Q.  A  coil  is  wound  with  500  yds.  of  copper  wire  having  a 
sectional  area  of  .003  sq.  cm.     What  is  its  resistance? 

Here  500  yds.  must  be  brought  to  centimetres.  There  are 
2.54cm.  in  I  in.;  and  therefore  36  times  3.54  cm.  in  1  yd.  = 
91.44  cm.;  and  therefore  500  times  91.44  cm.  in  500  yds." 
45730  cm. 

Again  R  =  — i—  x  sp.  res. 
*■  section      ^ 

Therefore  R"-4S2_  x  .0000016  — 36.5  ohms. 

Q.  If  we  substitute  german  silver  of  the  same  size  and  length 
for  the  copper  in  the  last  case,  what  difference  wiU  it  make  in  the 
resistance  ? 

section 
Therefore  R  =  ^^^ —  x  .00003  =  457  ohms. 

Q.  A  bobbin  is  closely  wound  with  copper  wire  whose  sectional 
area  is  .01  sq.  cm.  Its  resistance  "^  3  ohms.  What  length  of  wire 
is  there  on  the  bobbin  ? 

Aeain  R  =  — I-  x  sp.  res. 
°^  section 

Therefore  3  =  l^Hi^  x  .0000016. 

.01 

Therefore  length -.-iiiiHL  =12500  cm. 
.0000016 
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Or  if  wanted  in  yards,  we  divide  12500  by  2.5,  the  number  of 
centimetres  in  i  in.,  and  divide  the  answer  by  36,  the  number  of 
inches  in  i  yd.,  or — 

— ~ — 7  =  '39  y^  on  bobbin. 
3-5  X  30 

Q.  A  10  ohm  resistance  of  iron  wire  has  a  sectional  area  of 
.1  sq.  cm.,  but  is  found  to  be  too  small  to  carry  the  required 
current.  It  is  proposed  to  replace  the  iron  by  german  silver  wire 
of  twice  the  sectional  area.   What  length  of  wire  will  be  required  ? 

_  length 


Here  again  R-^^^^^^> 

!  sp.  res. 

Therefore  10  ='?E^x 

.00002. 

Therefore  length  =ii£iL:^  = 

**        .0000a 

I 00000 

cm.= 

=  1111  yds. 

Q.  What  was  the  length  of  the  iron 

wire 

replaced  by 

the 

german  silver? 

The  same  equation  gives  us  it  :■ 

— 

lenf^h 
section 

:  sp.  res. 

Therefore  .o  =  i5ML^x 

.00001. 

Therefore  length  =  i£-U  = 
.00001 

.00000 

™.. 

=  itriyds. 

That  is,  a  certain  length  of  german  silver  wire  replaces  the  same 
length  of  iron  wire  of  half  the  sectional  area,  leaving  the  resistance 
the  same.  The  student  will  notice  that  this  is  only  approximately 
correct,  for  the  values  taken  for  the  specific  resistance  of  iron  and 
german  silver  are  not  exactly  those  given  in  the  table,  but  approxi- 
mations easy  to  remember.  If  it  is  desired  to  have  the  result 
exact,  then  .00000971  must  be  taken  for  iron,  and  ,00002093  for 
german  silver,  but  for  a  large  number  of  cases  the  figures  we  have 
been  working  with  will  be  found  to  be  sufficiently  near  at  this 
stage  and  easy  to  remember. 

Q.  Show  how  you  would  calculate  the  length  and  sectional 
area  of  a  wire  to  have  a  certain  resistance,  and  just  fill  the  wind- 
ing space  of  a  bobbin  of  given  dimensions,  neglecting  the  space 
occupied  by  insulation. 
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First,  imi^ine  the  winding  space  on  the  bobbin  to  be  filled 
nith  solid  copper  forming  one  turn.  We  can  calculate  the  length 
and  cross  section  of  this,  and  calculate  its  resistance  r — 

r—  —  xsp.  resistance. 

Calling  the  required  resistance  of  the  wire  R  we  then  have — 


Therefore  —  of  wire  =  r  x 


Now  the  required  length  of  wire  x  sectional  area  of  the  wire 
is  equal  to  the  volume  of  the  solid  copper,  which  has  already  been 
calculated. 

If  we  therefore  multiply  the  volume  of  the  solid  copper  (or 

length 

sec  area 

Taking  the  square  root  and  dividing  this  into  the  volume,  we 
get  the  sectional  area. 

This  will  perhaps  be  followed  easier  by  taking  a  case.  Sup- 
pose the  wire  is  required  to  have  a  resistance  of  50  ohms,  and  the 
bobbin  be  3  in.  long  in  the  winding  space,  2.5  in.  outside  and 
■5  in.  inside  diameter,  then  the  mean  diameter=  1,5  in  ,  and  the 
length  of  the  solid  copper  =1.5  xn-  in.,  and  its  sectional  £U'ea  = 
3Xi  =  3sq.in. 

Volume  of  the  copper  filling  the  winding  space  =  length  x 
sectional  area=  1.5  xirx  3  cub.  in. 
;  of  the  solid  copper 

-^ — ^^-^ —  X. 00000066  =  .000001038  ohms 
3 

D066  being  the  sp,  res.  of  copper  in  cubic  inches). 


!i038:5o:: 


i.SX3.i4i6x5o_ 
3 X. 000001 038 
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The  length  X  sec.  area=  1.5  xa-x  3  =  14.1371. 
.-.  Z.x/xj«=/'=  77000000x14.1372- 1088544000  in. 


-. /=  ^1088544000  =  32996  in.=9r6  yds. 


Sectional  area  - 


•4-i_372 


.0004  sq.  in. 


32996 

If  we  take  a  piece  of  wire  whose  resistance  is  i  ohm,  and 
apply  an  cm.f.  to  the  ends  of  it,  we  find  that  it  is  able  to  con- 
duct electricity.  We  might  say  that  this  piece  of  wire  has  unit 
conducting  power,  or  unit  conductivity,  as  well  as  unit  resistance. 


If  we  take  another  piece  of  the  same  wire,  but  twice  the  length 
of  the  former  piece,  it  will  have  twice  the  resistance,  that  is,  it 
will  conduct  electricity  only  half  as  well  as  the  former  piece,  con- 
sequently we  should  say  this  piece  of  wire  has  a  resistance  =  z 
and  a  conductivity  =  J.  Again,  if  we  take  a  wire  having  a  resist- 
ance of  10  ohms,  then  it  will  conduct  electricity  only  -^  as  well 
as  the  piece  having  i  ohm.  Therefore  we  should  say  its  con- 
ductivity is  Yo,  and  so  on. 

We  thus  see  that  the  conductivity  of  a  substance  is  (he  re- 
ciprocal or  the  reverse  of  its  resistance.  If  the  resbtance  of  a 
conductor  be  50  ohms,  its  conductivity  is  j'j.  A  name  has  been 
given  to  the  unit  of  conductivity  which  is  e.isy  to  remember. 
Seeing  that  conductivity  is  the  reverse  of  resistance,  the  name  of 
Uic  unit  of  resistance  (ohm)  has  been  reversed  for  that  of  conduc- 
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tivity.  Thus  a  wire  of  i  ohm  resistance  has  i  mho  conductivity. 
A  wire  of  75  ohms  resistance  has  a  conductivity  of  7'j  mho,  while 
a  wire  of  J  ohm  resistance  has  a  conductivity  of  2  mhos. 

Of  course  it  will  be  understood  that  if  conductivity  is  the 
reciprocal  of  resistance,  then  resistance  is  also  the  reciprocal  of 
conductivity,  one  the  reverse  or  reciprocal  of  the  other.  There- 
fore a  wire  of  j^  mho  conductivity  has  a  resistance  of  -I-  = 

50  ohms- 

We  have  now  to  consider  circuits  other  than  the  simple  circuits 
described  in  the  last  chapter,  known  as  divided  circuits  or  parallel 
circuits. 


Fig.  5  represents  a  simple  circuit  in  which  the  principal 
resistance  consists  of  a  conductor  a  of  50  ohms  resistance;  the 
remainder  of  the  circuit  consists  of  a  dynamo  capable  of  generating 
an  e.m.f.  of  100  volts,  and  thick  connecting  wires  joining  it  to 
the  ends  of  A. 

If  we  neglect  for  the  present  the  small  resistances  of  the 

dynamo  and  connecting  wires,  then  the  current  /lowing  =  c=  -'  = 


=  2  amperes, 

Suppose  we  now  join  the  points  c  and  D  with  auother  con- 
ductor B  eJtactly  similar  to  a,  as  in  Fig.  6.  Will  the  current 
through  the  dynamo  be  greater  or  less  than  before  ?  And  will  it 
make  any  difference  to  the  current  flowing  through  a  ?     Let  us 
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see.  A  can  conduct  electricity  across  between  c  and  d,  its  con- 
ductivity being  ^^  mho,  that  is,  it  will  conduct  electricity  across 
only  -g'g  as  well  as  a  resistance  of  i  ohm.  But  we  have  now  got 
two  paths,  each  with  a  conductivity  of  j'^  mho,  so  the  two  together 
'  can  conduct  electricity  across  twice  as  well  as  one  of  them,  for 
now  we  have  a  conductivity  of  A  +  in  =  itV  mho.  We  have 
already  seen  that  resistance  is  the  reciprocal  of  conductivy,  there- 
fore the  resistance  between  c  and  d  is  now  -y-—  25  ohms.     But  it 

was  50  ohms  before  we  joined  the  second  wire  across,  so  that 
we  have  reduced  the  resistance  to  half  its  former  value,  and  by 


Ohm's  law  the  current  through  the  dynamo  has  doubled,  for 
c  =  -  =  — -  =  4  amperes ;  2  amperes  through  A,  and  2  amperes 

through  B. 

To  make  this  quite  clear,  let  us  take  our  water  analt^  again. 
Fig.  7  represents  a  water  circuit  similar  to  our  last  electrical  circuit. 
If  the  pump  be  working  continuously,  maintaining  a  diflerence 
of  pressure  between  its  ends,  then  with  T  turned  on  and  /  turned 
off,  we  should  have  a  flow  of  water  round  the  circuit  through  a, 
which  would  form  the  principal  resistance  of  the  circuit,  and  the 
current  gauge  would  indicate  a  certain  current  flowing  through 
the  pump.  If  now  we  turn  on  tap  t,  we  open  up  another  path  for 
the  water  to  flow  in,  and  consequently,  as  water  will  flow  in  b 
just  as  easily  as  in  a,  the  resistance  to  the  passage  of  water  from  c 
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to  D  would  be  halved,  and  the  current  gauge  would  immediately 
indicate  twice  the  former  current.  The  two  pipes  in  parallel  are 
really  equivalent  to  one  pipe  of  twice  the  internal  sectional  area. 
The  same  thing  would  apply  to  3,  4,  10,  or  any  number  of  similar 
pipes  joined  between  c  and  d  ;  the  resistance  would  be  reduced  to 
J,  J,  or  y'u  its  former  value,  with  a  corresponding  increase  in  the 
current  flowing  through  the  pump. 

It  must  be  understood  that  there  is  no  increase  in  the  current 
flowing  through  any  individual  pipe  when  others  are  connected 
across.  The  current  in  A,  Fig.  7,  for  instance,  would  remain 
practically  constant  throughout,  providing  the  pump  maintained 
the  same  difference  of  pressure. 


Fig.  8. 


It  is  in  this  way  that  we  must  look  upon  the  electrical  current 

in  Fig.  6.     The  more  similar  wires  we  join  between  c  and  d,  the 

more  are  we  increa-sing  the  conductivity  between  these  points,  and 

theless  is  the  resistance  becoming,   but  providing  the  dynamo 

maintains  the  difference  of  potential,  no  alteration  would  take 

place  in  the  value  of  the  current  in  any  individual  conductor. 

Each  separate  conductor  would  act  according  to  Ohm's  law,  and 

led  to  points,  maintained  at  the  same  difference  of 

have  the  same  resistance,  they  must  have  the  same 

rrent  flowing  through  thenL 

where  all  the  wires  joined  across  c  and  d,  Fig,  6, 
iistances,  is  perhaps  the  most  simple,  but  it  is  not  a 
de  to  pass  to  the  case  where  the  resistances  of  the 
ry. 
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Consider  Fig.  8.  Hure  we  have  c  and  d  joined  by  two  wires, 
A  having  a  resistance  of  50  ohms,  and  b  having  a  resistance  c( 
35  ohms. 

Now  we  have  seen  that  a  has  a  conductivity  or  conducting 
power  =  j'jj,  similarly  b  has  a  conductivity  =i,'j,  and  thererore  the 
two  together  have  a  conductivity  of  jV  +  ti  =  jV  '"•'o-  The  re- 
sistance between  c  and  D  being  the  reciprocal  of  the  conductivity 

is  =  -5-  =  —  IB  16.6  ohms 
Tff      3 
(less  than  the  sniallest  resistance). 

The  current  flowing  through  the  dynamo  now  is — 

c  =  -  =  -— -;  =■  6  amperes. 
R     16.6  "^ 

Again,  imagine  c  and  D  to  be  connected  by  three  wires,  a  =  50 

ohms,  B  =  25  ohms,  and  G=io  ohms.     Then  the  conductivity 

between 

candD»>—   . 

and  the  resistance  between 

cand  D=  4- ■-^■"^■"5  ohms 

(again  less  than  the  smallest  resistance  joining  c  and  d). 

Of  course  the  combined  resistance  must  be  less  than  that  of 
the  smallest  resistance  between  the  points,  for  if  c  were  there 
alone,  that  part  of  the  circuit  would  have  10  ohms  resistance,  and 
the  addition  of  b  and  a,  though  larger  than  G,  is  only  diminishing 
the  resistance  between  these  points  by  opening  up  other  paths  for 
the  passage  of  electricity. 

Q.  t.  What  is  the  resistance  of  four  wires  in  parallel  ol  3,  5, 
10,  and  30  ohms  respectively? 

The  combination  has  a  conductivity  of— 

I +  :+ i  +  i  .  £i±±±i±i  .  i7  „!,<,, 

aitd  tfaeii  combined  resistance  in  parallel 

—  —  =  —  =■1.176  ohms. 
iff    17 
Q.  I.  Two  mains  are  carrying  current  for  a  group  of  twenty 
lamps ;  each  lamp  has  a  resistance  when  incandescent  (white  hot) 
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of  160  ohms,  and  they  are  all  joined  in  parallel.     What  is  the 
resistance  between  the  two  mains? 

Here  all  the  resistances  being  of  equal  value,  the  total  resistance 
is  ^  that  of  one  of  them  or  Yir  =  ^  ohms.  Or  working  out  as 
before — 


Conductivity  = 


160     160     160  160     160 

160  _ 


and  resistance  =  ^^  =■  —  =  8  oh  ms. 

Q.  3.  Suppose  these  mains  to  be  at  a  p.d.  of  100  volts,  what 
current  will  be  flowing  through  them  ? 

Ohm's  law  says  c  =  - 

Therefore  c=-^=  12.5  amperes. 

If  we  have  only  to  deal  with  two  wires  in  parallel,  it  will  be 
easier  and  quicker  to  remember  that  the  product  of  the  two 
resistances  divided  by  their  sum  gives  the  resistance  of  the  two  in 
paiallcl. 

Q.  4.  Two  wires  of  5  ohms  and  20  ohms  are  in  parallel. 
What  is  their  combined  resistance? 
product     5X2' 

Working  by  our  first  method  we  have — 
Conductivity  =  -  +  ^  =  — 

Resistance" -J- =" — =4  ohms. 
^IF      5 

If  we  have  more  than  two  wires  in  parallel  the  result  could 
still  be  obtained  by  this  second  method,  but  it  involves  more 
time  in  comparison  with  the  first  method, 

Q.  5.  Three  wires  of  5,  to,  and  20  ohms  respectively  are  joined 
up  in  parallel     What  is  the  resistance  of  the  combination  ? 

Take  the  5  ^^^  the  10  ohms  first  The  resistance  of  these 
two  in  parallel  =  5 =5_,.3.3j  ohms.    That  is  to  say,  a  wire 

of  3.33  ohms  could  take  the  place  of  the  5  and  10  ohm  wires  in 
darallel.     Next  take  this  equivalent  resistance  and  the  20  ohms. 
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The  resistance  of  these  in  parallel 

\.%\  X  lo     66.6  .      . 

=  ■»  ^ = =  J.85  ohms. 

3.33  +  20     23.33 

r,  3.85  ohms  is  equivalent  to  the  5,  10,  and  30  ohms  in  j 
By  the  first  method — 


Conductivity  = 
Resistance    =--=-  = 


7 


=  i±l 


3.85  ohms. 


Nearly  all  circuits  will  be  found  to  have  a  certain  amount  of 
resistance  in  series  with  the  paralleled  conductors.  Thus  in  Fig.  9 
we  have  a  dynamo  producing  an  e.tn.f  of  100  volts.  It  is  joined 
to  a  resistance  a  of  a  ohms,  and  to  a  resistance  ^  of  3  ohms.    The 


ends  of  a  and  ^  are  joined  to  three  wires  in  parallel,  ^'^loo  ohms, 
d=2co  ohms,  and  ^  =  300  ohms,  while  the  resistance  of  the 
dynamo  itself^^.oi  ohm.  What  is  the  cuirent  flowing  throug'i 
the  dynamo  ? 

Ohm's  law  again  helps  us:  c=  - 
Therefore  c  = 


a+3  +  .c 
But  <r,  d,  and  •;  in  parallel 


■!-(<-,  4,  and  e  in  parallel) 
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Q,  6.  What  is  the  p.d.  spent  on  the  dynamic  on  a,  on  d,  and 
on  the  three  wires  in  parallel  ? 
p.d.  spent  on  dynamo  =  resistance  of  dynamo  x  c 
.*.  silent  on  dynamo     =.oi  >:  1.679  =  . 0168  volts, 
p.d.  spent  on  a  =  resistance  of  axe  tlirougli  a. 

.:  spent  on  a  =2x1 .679  =  3.358  volts, 

p.d.  spent  on  J  =>  resistance  of  ^  x  c  through  6, 

.:  spent  on  J  -3x  1.679  =  5.037  volts, 

p.d.  spent  on  f,y,  and  «= resistance  ofc,ii,exc  through  <*,  J,  t. 
.-.  spent  on  c,  J,  and  «°> 54.545  x  i.679o>9t.58i  volts. 
If  we  total  up  the  e.m,f.'s  on  the  dilTerent  parts  of  the  circuit 
we  find^ 

i.ta.{.  spent  on  dynamo=     .016S  volts. 
e.m.f.  spent  on  «  -  3.358      „ 

e.m.f.  spent  on  ^  =  5.037      „ 

e.ai.f.  spent  on  c,d,e  =  91.581  „ 
Total  99.9938  „ 
NeU. — Tlie  very  small  difference  between  this  total  and  the 
100  volts  given  by  the  dynamo  is  due  to  the  decimal  places  not 
being  worked  out  completely.  The  student  should  notice,  how- 
ever, that  the  difference  is  exceedingly  small,  only  yqVit  ^^  <^*^ 
in  all  such  cases  it  is  almost  absurd  to  talk  of  the  difference,  for 
it  requires  careful  measurement  with  sensitive  instruments  to 
measure  such  a  difference. 

Q.  What  is  the  value  (rf  the  current  flowing  in  c,  d,  and  e 
lespectively? 

The  current  in  <:= 


e.m.f  on  ends  off 


resistance  of  ( 

Therefore  current  inf=i-^5 — ca.916  ampere. 
100  "^ 

IT.- ™._~  »■    J    e.m.f.  on  ends  of  rf 

The  current  in  «  = : ,  , 

resistance  of  a 

ThereroTecun'entini/a^!-^^_J_.458  ampere. 


The  current  in  t  = 


e.m.f.  on  ends  of  tf 


resistance  of  e 
Therefore  current  ine  =  2iiJ».3og  amp 
Total  current  in  the  three 


■■  .916  +  .458  +  -305  - 1-679  amperes 
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We  here  notice  that  the  wires  c,  d,  and  e  have  resistances  in 
the  ratio  of  i :  >  :  3,  and  the  same  [).d.  is  applied  to  the  ends  of 
all,  therefore  by  Ohm's  law  the  currents  being  inversely  pro- 
poiticmal  to  the  resistances  should  be  in  the  ratio  cS  i :  i :  xi 
which  we  find  to  be  the  case. 

Q.  7.  A  battery  of  53  cells  ^ves  an  e.in.f.  of  106  volts,  and 
has  a  resistance  of  .005  ohm.  It  is  joined  to  mains  having  a 
re^stance  of  .2  ohm.  At  the  further  end  of  the  mains  50 
similar  lamps  are  joined  across  in  parallel.  The  ammeter  indicates 
a  current  flowing  in  the  mains  of  30  amperes,  (i.)  What  is  the 
total  resistance  of  the  circuit?  (z.)  What  is  the  resisUnce  from 
one  main  to  the  other?  And  (3.)  What  is  the  resistance  offered 
by  each  lamp? 

By  Ohm's  law— 

_,  .  ,      .  .  t  ■      -^     total  e.ro.f.  in  circuit 

Total  resistance  of  circuit  =  — -. : — ;-    .- 

total  current  in  circuit 

Therefore  R=  — ""S-sas  ohms. 
30 

This  5.533  ohms  is  made  ap  of — 

Resistance  of  battery  =  .005  ohm. 

Resistance  of  mains o  .a        „ 

Resistance  of  50  lamps  in  parallel—  x        „ 

Therefore  *  =  3.533  -  .205  -  3.328     „ 

The  resistance  of  the  50  lamps  in  parallel  being  equal  to 
3.328  ohms,  I  lamp  would  have  a  resistance  of  50  times  3.328 
ohms,  seeing  that  they  have  alt  the  same  resistance,  for  we  have 
already  seen  that  the  resistjuice  of  say  50  similar  resistances  in 
parallel  ia  equal  to  -^  that  of  one  of  them. 

Therefore  the  resistance  of  i  lamp  =  50  x  3.318  =  166.4  ohms. 

Q.  What  is  the  p.d.  on  the  ends  of  the  lamps  in  the  last 
[Moblero,  and  what  is  the  voltage  spent  on  the  mains  and  on 
the  battery  in  getting  the  current  through  them  ? 

Again  by  Ohm's  law — 

p.d.  on  lamps=current  through  the  lamps  x  resistance  of  the 
lamps. 

Therefore  p.d.  on  lampS'!>3ox  3.328  =  99.84  volts. 

It  should  be  noticed  that  it  does  not  matter  whether  we  take 
the  lamps  collectively  or  singly  in  working  the  ]»oblem,  but  if  wc 
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take  a  single  lamp  ve  must  remember  that  the  p.d.  on  the  ends  of 
a  single  lamp  (which  is  the  same  as  on  all  the  lamps)  is  equal  to 
the  cuirent  flowing  through  the  single  lamp  multiplied  by  the 
resistance  of  the  single  lamp.  These  lamps  being  similar,  the 
current  through  i  lamp  is  equal  to  -^^  of  the  total  current,  or 
fg=. 6  ampere. 

Therefore  p.d.  on  the  ends  of  i  lamp  =  .6x  166.4  =  99.84  volts. 

Again,  the  p.d.  spent  on  the  mains  =>  current  in  mains  x  re- 
sistance of  mains  =  30x.a  =  6  volts. 

And  the  p.d.  spent  on  the  battery  is  =  current  through  the 
battery  x  resistance  of  the  battery. 

Therefore  p.d.  spent  on  the  battery  =  30 x, 005  =  .15  volt. 

It  was  pointed  out  previously  that   the  resistance  of  any 

conductor  R  is  equal  to  — "°^      x  specific  resistance.     Now  by 

sec.  area 
Qttm's  law  the  voltage  drop  on  a  conductor  is  equal  to  current 
ddwing  through  it  x  resistance  of  it.    Therefore  the  voltage  drop 


\sec.  area  / 


For  any  given  material  the  specific  resistance  is  constant, 
and  in  that  case  the  voltage  drop  is  proportional  to  the  current 

X S — ,     Aeain,  for  any  given  length  of  the  same  material, 

sec.  area 

the  voltage  drop  is  proportional  to  the  current  x or  to 

'       '    '^  sec  area 

cunent 
sec.  area 

area.  This  last  statement  is  known  as  the  current  density,  and 
therefore  in  considering  the  voltage  drop  in  copper  mains  we  say 
voltage  drop  per  yard  (or  per  foot,  or  per  mile,  whichever  is  most 
convenient)  is  proportional  to  the  current  density. 

A  very  common  current  density  for  mains  and  wiring  is  1,000 
amperes  per  square  inch.  Let  us  see  what  is  the  voltage  drop  per 
yard  at  this  current  density — 


In  this  case  it  will  not  do  to  use  the  value  for  specific  resistance 
given  in  the  table  of  specific  resistances,  unless  we  convert  the 


X  sp.  res.  j 

sp 
is  ' 
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yard  length  to  centimetres  and  the  sectional  area  of  i  sq.  in.  to 
square  centimetres.  In  this  case,  as  in  many  others,  it  is  more 
convenient  to  change  the  specific  resistance  to  that  of  i  cub.  in. 
This  is  equal  to  .66  microhm  or  .00000066  ohm.  If  this  value 
be  taken  for  the  specific  resistance,  then  the  length  {i  yd.)  roust 
be  expressed  in  inches,  and  the  sectional  area  in  square  inches. 

Therefore  v  drop  =  1 000  { Y  x  .00000066)  =  36000  x  .00000066 
—.02376  volt  per  yard. 

This  is  the  voltage  that  would  be  spent  on  a  single  length  of 
cable  I  yd.  long  at  1,000  amperes  per  square  inch.  But  cables 
generally  run  in  pairs,  for  we  must  make  arrangements  for  bring- 
ing the  current  back  as  well  as  taking  it  from  the  dynamo,  (.«., 
wc  must  have  a  complete  circuit.  Therefore  in  a  pair  of  mains 
we  have  ,01376  x  2  =  .0475  volt  drop  per  yard  at  1,000  amperes 
per  square  inch.  At  any  other  current  density  the  change  in  voltage 
drop  will  be  in  proportion  to  the  change  in  the  current  density. 

It  must  be  properly  realised  that  the  current  density  depends 
on  both  the  current  and  the  sectional  area.  The  cable  may  be 
small  in  sectional  area,  but  if  the  current  is  also  small,  the  cur- 
rent density  will  not  be  large.  Thus  current  — 2,000  amperes, 
sectional  area  of  mains  =  a  sq.  in.,  current  density  =  1,000  amperes 
per  square  inch.  Again,  current  =2  amperes,  sectional  area  of 
wire ». 002  sq.  ia,  current  density  =  1,000  amperes  per  square 
inch,  and  we  should  get  exactly  the  same  voltage  fall  per  yard  in 
the  two  cases. 

Q.  I.  A  pair  of  mains  are  required  to  carry  250  amperes  to 
a  building  50  yds.  away.  The  maximum  allowable  voltage  fall 
■>a  volts.     What  must  be  the  sectional  area  of  the  mains? 

At  1,000  amperes  per  square  inch  the  voltage  fait  would  be 
equal  to  .0475  x  50  =  2.375  volts.  Therefore  we  cannot  run  them 
at  SO  high  a  current  density  as  this.  What,  then,  must  be  the  cur- 
rent density  ?  We  have  seen  that  the  voltage  fall  is  proportional 
to  the  current  density. 

Therefore  2.375  ^^''^  '•  ^  ^°'^  '■  '■  ^°°°  amps.  sq.  in.  :  x  amps, 
sq.  in. 

Therefore  x  amperes  per  square  inch  ■=  "^'"''  =.  g^a. 

At  a  current  density  of  842  amperes  per  square  inch  we  shall 
have  2  volts  fall  on  the  50  yds. 
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current 

sec  area 


But  current  density  = 

Therefore  sec.  >rea ""«" 

current  density 

=  .39sq.  in. 

Q.  2.  A  supply  station  is  loo  yds.  from  a  certain  feeding  point 
Voltage  of  supply  =  loo  volts.  Find  the  size  of  the  feeders  required 
to  supply  las  amperes,  loj  volts  being  maintained  at  the  station 
end. 

Here  voltage  fell  allowab]e=5  volts,  and  at  1,000  amperes 
per  square  inch  voltage  fall  =  . 0475  x  100  =  4.75  volts. 

Therefore  4.75  volts  :  5  volts  :  :  1000  amps,  sq.  in.  :  x  amps, 
sq.  in. 

Therefore  x  amperes  per  square  inch  = 

4-7S 
But  current  to  be  delivered  — 

Therefore  sectional  area  = 

1051 
Q.  3.  Find  the  diameter  of  the  copper  required. 

Sectional  area  =  diameter^  x  * 
4 
Sectional  area=  diameter*  x  .7854. 

Therefore  (diameter)«  =  ^-^^:^=-iHl  ^.ijo*. 

Therefore  diameter-  4/^1502  =  .38  in. 
or  a  little  more  than  \  in. 

Q.  4.  In  a  water-power  plant,  the  dynamo  which  produces  B 
fixed  p.d.  between  its  terminals  of  lao  volts  is  300  yds.  away  from 
the  house.  The  usual  load  consists  of  aoo,  100  volt  35  watt 
glow-tamps.  What  size  leads  should  be  employed  if  the  resist- 
ance of  I  cub.  in.  of  copper  be  .66  microhm?  (C  and  G.. Electric 
Light  and  Power  Examination,  1897.) 

The  volts  spent  on  the  leads  =  current  through  the  leads  x 
resistance  of  the  leads,  or  e,  =  c,  x  «[. 

The  voltage  lost  on  the  leads  =  20  volts,  and  the  usual  load  = 
7,000  watts,  which  at  100  volts  gives  us  the  current  =  7o  amperes. 

Therefore  ao  volts  =  70  x  -  xsp,  res. 
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The  length  of  the  mains  (go  and  return)  =  600  yds. 

The  specific  resistance  is  given  as  the  resistance  of  i  in.  length 
t  sq.  in.  sectional  area,  and  therefore  the  length  of  the  mains 
must  be  stated  in  inches.  We  then  get  the  sectional  area  in  square 
inches. 

Therefore  zo  = 
Therefore  sec.  area  = 


Q.  5.  Current  is  required  along  a  street  a.ooo  ft.  long  at  the  rate 
of  I  ampere  per  10  ft.  of  frontage.  Give  sectional  area  of  con- 
ductor, so  that  the  difference  of  pressure  between  any  two  lamps 
shall  not  exceed  3  volts  in  the  following  two  cases: — 

(a.)  The  current  being  supplied  at  one  end. 

(i.)  The  current  being  supplied  midway. 

\N.B. — The  resistance  of  a  copper  bar  1,000  fl.  long  and 
t  sq.  in.  in  cross  section  may  be  taken  at  .008  ohm.}  (C.  and  G. 
Electric  Light  and  Power  Examination.) 

Case  (0). — 


Current  in  feeders  =  "}[^  =  zoo  amperes,  but  this  current  falls 
off  at  the  rate  of  i  ampere  per  10  ft.  Therefore  the  mean  cur- 
rent in  the  mains  =  5|5=ioo  amperes.  The  allowable  voltage 
fall  on  the  mains  =  current  in  mains  x  resistance  of  mains. 

Therefore  2  volts  =  100  x  -  x  sp.  res. 

Thcspecific  resistance  is  given  as  the  resistance  of  1,000  ft. 
-  I  sq.  in,  in  section,  therefore  if  we  put  in  the  value  given  our 
length  of  mains  must  be  in  1,000  ft.     The  total  length  of  con- 
ductor (go  and  return)  =  4,000  ft 

Therefore  z  =  100  x  ^  x  .088. 
s 

Therefore  sec.  area  = ^— ^ —  =  1.6  sq.  in. 
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Case  (b).  Current  supplied  midway — 


"/f- 


Here  ihe  current  divides  into  two  halves,  loo  amperes  on  each 
side.  The  maximum  variation  in  voltage  will  be  hetwecn  a  lamp 
at  the  end  and  one  at  the  feeding  point.  The  mean  current  in 
this  half  length  =  50  amperes,  and  again  e  =  cxr,   therefore    2 

volts  =  50  X  -  X  sp,  res.     The  lengih  has  now  been  reduced  to  half 

its  former  value — 2,000  ft,  for  go  and  return. 

i  herefore  a  =  50  x  -  x  .008. 

Therefore  sec  area=3 1__  =  .4  sq.  in. 

Q.  6.  A  point  in  a  distributing  network  of  conductors  is  fed 
by  a  pair  of  feeders  from  a  generating  station  600  yds.  distant. 
On  turning  on  a  motor  which  allows  25  amperes  to  flow  on  the 
first  contact,  the  pressure  at  the  ends  of  the  feeders  falls  5  volts. 

(a.)  What  is  the  resistance  of  the  feeders  ? 

{b!)  What  is  their  cross  section  ? 

The  resistance  of  a  cubic  inch  of  copper  may  be  taken  as 
0.66  microhm.  (C.  and  G,  Examination  in  Electric  Light  and 
Power,  1900.) 

(«,)  The  resistance  of  the  feeders  by  Ohm's  law  =  voltage  fall 
in  the  feeders  -i-  current  flowing  in  the  feeders  =  3s  =  .2  ohm. 

((*,)  The  resistance  of  the  feeders 

^  lengih  (go  and  return)  ^       ^^^ 


Therefore  ,2- 


X3  6  ^  .6± 


Therefore  sec.  area= — ^ — _: — =.142  sq,  in, 

Q.  7.  In  a  street,  a  pair  of  mains  each  .2  sq.  in.  in  section 
(.12  ohm  per  i,ooo  yds.).  Demand  at  the  rate  of  one  30  watt, 
100  volt  lamp  per  yard.     Give  the  distance  between  the  feeding 
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points  so  that  the  maximum  variation  of  prosure  between  any 
two  consumers  shall  not  exceed  3  volts.  (C.  and  G.  Electric 
Ijght  and  Power  Examination.) 


The  maximum  variation  in  pressure  will  be  between  one  feed- 
ing point  and  a  point  half-way  between  the  feeding  points.  Call 
this  distance  :i:  yards. 

Then  3  volts  allowable  fall  =  CxR=cx  -xspt  res. 

The  current  for  ■  lamp9.3  ampere,  and  we  have  this  cumeot 
per  yard.  Therefore  maximum  current  ='.3j:am|>ere.  But  this 
falls  off  as  we  go  along  at  a  uniform  rate,  therefore  the  mean 
current  =  ^  amperes.     The  length  of  the  mains  =  tx  yds. 

Therefore  3  volts  fall  =-  :^  x  —  x  sp.  res. 
2       4.2 

As  we  have  taken  our  length  in  yards  and  sectional  area  in 
square  inches,  the  specific  resistance  must  be  in  yards  and  square 
inches.  The  question  states  that  the  mains  1,000  yds.  long  .2 
sq.  in.  section  has  a  resistance  of  .12  ohm,  therefore  i  yd.  would 
have  a  resistance  of  .00012  ohm,  and  if  this  were  i  sq.  in.  in 
section  instead  of  .>  sq.  in.,  it  would  have  a  resistance  of  .000024 
ohm. 

Therefore  3  =  ^  x  —  x  .000024. 


Therefore  .6j:*  =  50000,  therefore  x*  =  '°^  =  83333. 

Therefore  x=  7^3333-288  yds. 

Therefore  distance  between  feeding  points  =  zSS  x  3  =  576  yds. 
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CHAPTER  IV. 

THE  HEATING  EFFECT  OF  THE  ELECTRIC 

CURRENT. 

■  In  the  last  chapter  we  considered  the  power  expended  in  diflerent 
parts  of  the  circuit,  and  the  work  done  at  all  points  was  seen  to  be 
transformed  into  heat. '  ^Ve  only  get  work  done  by  the  cunent  or 
energy  stored  when  there  exists  in  the  circuit  a  back  e.m.f.,  such 
as  that  produced  by  a  motor  when  at  work  or  by  a  battery  of 
accumulators  when  being  charged.    The  current  in  this  case" 

c  =  — —  where  E  is  the  e.m.f.  urging  the  current  through  the 
circuit,  and  e  is  the  back  e.m.f.  established  by  the  motor  or  cells. 
In  such  cases  the  current  may  be  small,  even  though  the  e-m.f.  is 
high  and  the  resistance  low,  and  if  the  back  e.m.f.  is  equal  to  the 
forward  or  impressed  e.m.f.,  there  will  be  no  current  at  all. 

It  has  already  been  pointed  out  that  when  a  back  e.m.f.  is 

developed  in  the  circuit  c=  — ^,  therefore  e  =  cr  +  «.    The  power 

is  in  every  case  =  Exc  and  therefore  EC--(cR  +  e)c— c?R  +  «f. 
C*ii  is  energy  transformed  into  heat,  and  a:  is  power  transformed 
into  mechanical  work  or  stored  up.  The  maximum  amount  of 
power  is  so  transformed  or  stored  when  the  back  e.m.f.  ■=■;  is 
equal  to- half  the  impressed  e.m.f.,  that  is  to  say,  when  the  current 
flowing  is  half  the  maximum  current  that  could  flow  in  the  circuit 
but  for  the  presence  of  the  back  e.m.f. 

There  is  a  relation  between  the  work  done  in  a  circuit  and 
the  heat  produced,  which  was  first  determined  by  Joule.  This 
relation  is  such  that  if  780  foot-pounds  of  work  are  done,  a  quan- 
tity of  heat  is  developed  sutScient  to  raise  i  lb.  of  water  1°  F. 
This  is  known  as  the  British  heat  unit,  and  the  relation  between 
tlie  two  is  called  Joule's  equivalent. 

In  electrical  work  we  use  neither  the  British  heat  unit  nor  the 
foot-pound,  but  instead  the  heat  that  would  raise  i  gram  of  water 
1°  C.  for  the  heat  unit,  known  as  the  "calorie,"  and  the  joule 
( =  'lilS  foot-pound)  for  the  unit  of  work. 
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It  therefore  becomes  necessary  to  translate  Joule's  equivalent 
to  (he  units  employed  in  electrical  engineering. 

There  are  453  grams  in  i  lb.,  and  1°  C.  is  =  §  of  1°  V. 
Therefore  i  calorie  =  jjj  >:  '  of  i  B.H.U. 

„  „      =3.1  footpounds. 

But  foot-pounds~.7373=joules. 

Therefore  = -=^ — ^4,.i  ioules=  i  calorie. 
•7373 

But  c*r/  is  also  a  measure  of  joules,  and  therefore  = 

4.3 

calories,  or,  what  comes  to  the  same  thing,  calories  ^  c'k/ x  .24. 


^-20  Ohms 


Fig.  10. 

This  tells  us  that  the  heat  produced  at  different  parts  of  a 
circuit  in  any  given  time  will  be  proportional  to  the  resistance  if 
the  current  be  the  same  at  all  parts ;  and  also,  if  we  alter  the 
current  through  any  given  resistance,  the  quantity  of  heat  developed 
in  any  given  time  will  vary  as  the  square  of  the  current.  I^t  us 
look  into  this  a  little  closer,  for  it  is  of  the  utmost  importance  in 
electrical  engineering,  and  often  leads  to  disastrous  and  even  fatal 
results  when  ignored  or  not  properly  understood. 

Take  a  simple  circuit  again  consisting  of  a  dynamo  or  battery, 
and  a  long  length  of  platinum  wire,  with  short  copper  wires  of  the 
sime  diameter  joining  the  ends  of  the  platinum  wire  to  the 
dynamo,  as  represented  in  Fig.  10.  We  will  suppose  the  dynamo 
to  be  generating  an  e.m.f.  of  100  volts,  and  the  resistance  of  the 
I^btiniiin  wire  to  be  30  ohms. 
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We  have  already  seen  that  the  resistance  of  this  wire  will  be 
proportional  to  its  length,  so  that  half  the  length  will  have  a  resist- 
ance of  lo  ohms,  quarter  the  length  a  resistance  of  5  ohms,  &c. 

When  we  complete  the  circuit,  a  current  flows,  the  strength  of 


which  will  be  practically  equal  to  — 


i  volts  _ 
ohms 


5  amperes.     If,  after 


it  has  been  flowing  for  a  minute  or  so,  we  touch  the  wire,  we  shall 
find  it  warm,  while  the  copper  wires  leading  the  same  current  to 
and  from  the  platinum  wire  are  still  cold. 

Suppose  we  now  take  out  of  the  circuit  half  the  length  of  the 
platinum  wire,  and  again  touch  both  the  platinum  and  copper 


after  the  current  has  been  passing  for  a  shnrt  time,  we  shall 
find  the  platinum  much  hotter,  perhaps  too  hot  to  touch,  while 
the  copper  wires  are  now  warm.  Lastly,  suppose  we  use  only 
quarter  the  original  length  of  platinum  wire,  we  may  find  this  red 
hot,  and  the  copper  wires  getting  decidedly  hot,  and  if  we  further 
diminished  the  length  of  the  platinum  wire  in  the  circuit  we 
should  see  it  get  brighter  and  brighter  till  it  finally  melted. 

Let  us  see  what  this  means.  When  we  used  half  the  length  of 
platinum  wire  we  had  a  current  flowing  of  practically  twice  the 
original  value  and  this  gave  us  more  heat  in  the  remaining  half 
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of  the  platinum  wire,  and  when  we  reduced  the  length  to  quarter  its 
original  value  we  had  four  limes  the  original  strength  of  current, 
and  we  got  a  still  further  increase  in  the  quantity  of  heat  developed 
in  the  remaining  length  of  wire.  That  is  to  say,  the  heat  developed 
in  unit  length  of  the  conductor  (say  i  cm.  length)  depends  on  the 
current  flowing  through  it,  there  being  not  nearly  so  much  heat 
developed  in  unit  length  of  the  copper  wires  as  in  the  platinum, 
although  they  both  have  the  same  diameter  and  the  same  current 
flowing  in  them,  is  due  to  the  different  specific  resistance  of 
copper  and  platinum.  This  can  be  further  experimentally  proved 
by  arranging  any  number,  say  three,  different  resistances  in  series 
(Fig.  II). 

Let  Ac-T5  ohms,  B^3o  ohms,  and  c°>io  ohms.  Place  each 
in  a  vessel  containing  an  equal  volume  of  paraffin  oil,  connecting 
them  up  in  series.  Now  pass  a  current  through  the  circuit  for 
say  five  minutes,  gently  agitating  the  oil  meanwhile,  and  measure 
the  rise  in  temperature  of  the  paraffin  oil  in  each  vessel  by  means 
of  thermometers.  This  will  be  proportional  to  the  quantity  of 
heat  developed  In  each,  and  as  the  current  is  of  the  same  strength 
at  all  parts  of  the  circuit,  any  difference  in  the  quantity  of  heat 
must  be  due  to  the  difference  in  the  resistance  of  the  various 
parts. 

After  the  experiment  we  shall  find  that  the  thermometer  in 
B  has  risen  twice  as  much  as  the  thermometer  in  a  and  three 
times  as  much  as  that  in  c  in  the  same  time,  and  this  is  also  the 
proportion  of  the  resistances,  for  b  has  twice  the  resistance  of  a 
and  three  times  the  resistance  of  c,  which  again  proves  that  when 
the  same  current  goes  through  different  resistances,  the  heat 
developed  in  them  in  a  given  time  is  exactly  proportional  to  these 
resistances.  The  same  apparatus  will  serve  to  show  how  the 
quantity  of  heat  developed  varies  when  we  vary  the  strength  of 
the  current. 

Suppose  we  keep  the  resistances  the  same  as  before,  and 
imagine  the  current  to  be  reduced  to  half  its  former  value  by 
halving  the  e.m.f.  in  the  circuit.  If  now  we  repeat  the  experiment 
with  this  reduced  current,  we  shall  find  that  in  each  vessel  the 
temperature  has  risen  not  to  half  but  only  to  quarter  its  former 
value  in  the  same  time,  which  shows  us  that  by  reducing 
the  current  in  any  conductor  to  half  its  former  value  we  only 
raise  its  temperature  in  a  given  time  to  quarter  of  what  it  was 
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previously.  That  is  to  say,  the  quantity  of  heat  developed  in  any 
conductor  is  not  proportional  to  the  current,  but  to  the  square  of 
the  current. 

We  should  now  be  able  to  understand  our  experiment  with  ihe 
platinum  wire  better.  When  we  halved  the  length  of  the  wire 
we  also  halved  its  resistance,  and  practically  doubled  the  current 
flowing  through  it,  and  we  have  just  seen  that  if  we  double  the 
current  we  get  four  times  the  quantity  of  heat  developed  in  those 
conductors  which  carry  the  doubled  current ;  but  if  we  alter  the 
resistance  while  the  current  remains  the  same  we  alter  the 
quantity  of  heat  developed  in  the  same  proportion,  therefore 
when  we  halved  the  resistance  of  the  wire  and  doubled  the  current 
flowing  through  it  we  should  get  half  the  quantity  of  heat  due  to 
the  resistance  being  halved,  and  four  times  the  quantity  of  heat 
due  to  the  current  in  it  being  doubled,  and  therefore  the  quantity 
of  heat  developed  in  it  in  a  given  time  would  be  ^  x  4  =  a  times  as 
much  as  in  the  whole  length  previously.  When  we  take  quarter 
the  length  of  platinum  wire  we  have  quarter  the  heating  eSect 
due  to  the  resistance  being  reduced  to  quarter  the  former  resist- 
ance, but  the  current  being  practically  four  times  greater,  the 
heating  efl'ect  due  to  this  will  be  4^=  16  times  as  great,  therefore 
the  nett  result  will  be  ^X4'  =  ^xi6  =  4  times  the  quantity  of 
heat  developed  in  the  same  time  as  was  produced  in  the  whole 
length  of  wire  originally.  Of  course  the  student  only  needs  to 
be  told  that  the  heating  effect  or  the  quantity  of  heat  developed 
is  proportional  to  the  time  the  current  is  flowing,  for  it  is  self- 
evident  that  if  the  current  produces  a  certain  quantity  of  heat  in 
one  minute,  it  would  produce  just  twice  that  quantity  in  two 
minutes  if  it  remains  of  constant  strength, 

Q.  I.  It  is  proposed  to  double  the  e.m.f.  in  a  circuit  while 
everything  else  remains  unaltered.  What  will  be  the  alteration  in 
the  quantity  of  heat  developed  in  a  given  time  ? 

If  we  double  the  e.m.f,  while  the  resistance  remains  constant, 
the  current  will  also  be  doubled,  and  the  quantity  of  heat  de- 
veloped in  a  given  time  is  proportional  to  the  square  of  the 
current  and  to  the  resistance.  Therefore  heat  developed  will  be 
four  times  as  great  as  before. 

Q.  2.  It  is  found  desirable  to  double  the  resistance  of  a 
circuit,  and  as  .lie  current  flowing  through  it  must  be  of  the  same 
value  as  before,  the  e.m.f.  has  also  to  be  doubled.     Will  there  be 
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Wj  difference  in  (he  total  quantity  of  heat  developed  in  %.  given 
time  in  (i)  the  whole  circuit,  and  (2)  in  the  original  resistances? 

The  quantity  of  hea.t  developed  in  any  conductoi  in  a  given 
time  is  proportional  to  c^K. 

Therefore  in  case  (i),  as  the  current  is  still  the  same,  but  the 
resistance  doubled,  the  heat  developed  in  a  given  time  in  the 
whole  circuit  will  be  doubled. 

In  case  (1),  the  current  is  still  the  same  Jn  the  original 
resistances,  therefore  the  quantity  of  heat  developed  in  them  in  a 
given  time  remains  unaltered. 

Q.  3.  If  the  resistance  of  the  circuit  in  Q.  a  had  been  halved, 
and  the  e.in.f.  also  halved,  what  would  have  been  the  change  in 
the  quantity  of  heat  developed  in  the  whole  circuit  in  a  given 
time? 

Her^  both  the  resistance  and  the  e.m.f.  being  halved,  the 
current  remains  constant  in  strength,  and  therefore  the  quantity 
of  heat  developed  in  a  given  time  would  be  directly  proportional 
to  the  resistance.  That  is  to  say,  the  resistance  being  halved,  the 
tot^  quantity  of  heat  developed  in  a  given  time  would  also  be 
halved. 

Q.  4.  If  we  halve  the  e.m.f.  in  a  circuit,  and  at  the  same 
time  double  its  re^tance,  what  will  be  the  difference  in  the  total 
quantity  of  heat  developed  in  a  given  time  ? 

If  we  have  half  the  e.m.f.  and  double  the  resistance  in  a 
circuit  we  shall  have  only  quarter  the  original  current  flowing. 

The  quantity  of  heat  developed  in  a  given  time  is  proportional 
to  <^,  or  in  this  case  proportional  to  ^*  x  2  =  ^V  ^  '  "  ^  '^^  former 
value. 

Q.  5.  If  we  double  the  e.m,f.  and  at  the  same  time  halve  the 
reustance  of  a  given  circuit,  what  alteration  will  be  made  in  the 
quantity  of  heat  developed  per  minute  in  the  circuit? 

If  we  double  the  e.m.f.  and  halve  the  resistance  we  get  four 
times  the  current  flowing  in  it,  and  the  heat  developed  per  minute 
is  proportional  to  €?R,  or  to  4*x^=  16x^  =  8  times  its  former 
value. 

These  examples  are  given  so  that  the  student  may  become 
fiuniliar  with  the  way  any  proposed  change  in  a  circuit  will  affect 
the  quantity  of  heat  produced  in  it,  for  this  is  ofien  a  very  im- 
portant consideration. 

It  will  be  noticed  that  up  to  the  present  we  have  spoken  of 
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the  quantify  of  heat,  but  this  does  not  tell  us  anything  about  the 
temperature  to  which  the  conductors  will  be  taised.  The  quantity 
of  heat  is  an  altogether  different  idea  to  the  temperature.  For 
example,  a  kettle  of  boiling  water  contains  a  fairly  large  quantity 
of  heat,  but  its  temperature  is  comparatively  low,  viz.,  loo*  C.  or 
ai2*  F,,  whereas  the  quantity  of  heat  in  a  red-hot  pin  is  exceed- 
ingly small,  much  smaller  than  that  contained  in  the  kettle  of 
boiling  water,  for  if  the  red-hot  pin  and  the  kettle  of  boiling  water 
were  to  be  each  thrown  into  separate  equal  volumes  of  ice-cold 
water,  the  quantity  of  heat  in  the  pin  would  have  practically  no 
effect  in  raising  the  temperature  of  the  water,  while  the  kettle  of 
boiling  water  may  raise  the  temperature  of  the  ice^:old  water  into 
which  it  is  placed  through  several  degrees.  The  temperature  of 
the  pin,  however,  is  far  higher  than  that  of  the  boiling  water, 
perhi^  seven  or  eight  times  as  high.  The  reason  why  the  pin 
has  attained  such  a  high  temperature  with  so  small  a  quantity  of 
heat  is  that  it  contains  a  very  small  amount  of  material  Had  the 
pin  been  twice  as  thick  or  twice  as  long,  it  would  have  required 
twice  the  quantity  of  heat  to  raise  it  to  a  red  heat 

Suppose  we  continue  to  supply  heat  to  the  pin  at  a  definite 
rate,  by  holding  it  in  a  gas  flame  for  instance,  we  notice  that  it 
soon  arrives  at  a  fixed  temperature,  apparently  getting  no  hotter 
though  we  still  continue  to  supply  it  with  heat.  This  is  due  to 
the  fact  that  heat  always  radiates  from  a  hot  body  to  the  colder 
surrounding  objects ;  also  cold  air  coming  into  contact  with  the 
hot  body  gets  heated,  and  thus  becoming  lighter,  moves  upward, 
carrying  away  some  of  the  heat  and  making  room  for  more  cold 
air;  and  again,  some  of  the  heat  possessed  by  the  hot  body  will 
travel  down  its  support  and  warm  that,  for  heat  always  travels 
from  the  higher  to  the  lower  temperature,  just  as  water  always 
flows  from  the  higher  to  the  lower  level,  and  electricity  from  the 
higher  to  the  lower  potential. 

Now  these  heat  losses  go  on  at  a  greater  rate  the  greater  the 
difference  of  temperature,  and  therefore  as  we  continue  giving 
heat  to  the  pin  we  are  raising  its  temperature  above  that  of  the 
surrounding  objects,  and  consequently  it  begins  to  lose  heat  more 
and  more  rapidly  as  the  temperature  rises,  till  a  time  comes  when 
it  loses  heat  as  rapidly  as  it  is  receiving  it,  and  it  then  remains  at 
a  fixed  temperature. 

If  we  imagine  the  pin  to  be  enclosed  in  a  box  while  heat 
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is  continuously  supplied  to  it  as  before,  the  pin  would  be  raised 
to  a  higher  temperature,  for  the  box,  receiving  heat  from  the  pin 
in  the  ways  described,  would  itself  rise  in  temperature  also,  and 
therefore  the  difference  in  temperature  between  the  pin  and  the 
surrounding  objects  (the  box)  would  be  less,  and  as  the  rate  at 
which  the  pin  loses  heat  depends  upon  the  difierence  of  tempera- 
ture, it  follows  that  the  pin  would  be  raised  to  a  higher  temperature 
before  it  began  to  lose  heat  as  fast  as  it  received  it. 

We  thus  see  that  there  are  a  number  of  things  to  be  con- 
sidered before  we  can  say  what  temperature  a  body  will  reach, 
even  when  we  know  the  exact  quantity  of  heat  being  supplied 
per  second. 

I^t  us  take  one  of  the  small  incandescent  electric  lamps  that 
we  are  all  now  familiar  with.  The  conducting  thread  or  filament, 
as  it  is  called,  is  made  of  carbon,  and  usually  has  a  fairly  high 
resistance.  Suppose  we  join  one  of  these  lamps  to  mains  that  are 
being  maintained  at  a  fixed  difference  of  potential,  say  100  volts. 
Then  a  current  will  flow  through  this  filament,  and  the  current 
will  create  in  it  a  certain  definite  quantity  of  heat  per  second 
proportional  to  C^r.  This  heat  will  raise  its  temperature  to  a 
point  where  the  heat  lost  by  the  filament  per  second,  in  the  ways 
spoken  of  above,  will  be  just  equal  to  the  heat  supplied  per  second. 
If  this  fixed  temperature  is  reached  when  the  filament  is  at  a  dull 
red  heat,  it  would  be  of  no  use  so  far  as  its  light-giving  properties 
are  concerned.  The  question  now  occurs,  could  we  use  a  filament 
thit  would  be  raised  in  temperature  to  a  white  heat  with  the  same 
expenditure  of  power.  Let  us  see.  If  we  are  to  keep  the  expendi- 
ture of  power  unaltered,  then  we  must  not  alter  the  product  of  the 
&m.£  and  the  current ;  and  as  in  many  cases  we  cannot  alter  the 
e.m.t  in  the  circuit,  this  means  that  we  could  not  alter  the  resist- 
ance of  the  filament  either. 

But  we  have  seen  that  the  resistance  of  a  conductor  is  pro- 
portional to  its  length  and  inversely  proportional  to  its  sectional 
area,  and  therefore  if  we  double  its  length  and  also  double  its 
sectional  area  the  resistance  of  the  conductor  will  be  unaltered, 
for  though  we  double  its  resistance  by  doubling  its  length  we 
halve  it  again  by  doubling  its  sectional  area.  Or,  if  we  halve  its 
length  and  also  halve  its  sectional  area  we  still  keep  it  of  the  same 
resistance,  for  in  halving  its  length  we  halve  its  resistance,  but  in 
halving  its  sectional  area  we  again  double  it. 
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Suppose  we  do  this  latter  with  the  lamp  filament,  viz., 
halve  its  length  and  its  sectional  area,  then  we  see  that  the  same 
current  will  flow  through  it  under  the  same  e.m.f.,  for  the  resist- 
ance is  unaltered,  and  we  should  therefore  get  the  same  quantity 
of  heat  developed  in  it  per  second ;  but  this  same  quantity  of  beat 
has  to  raise  the  temperature  of  only  quarter  the  amount  of  material 
as  formally,  consequently  the  temperature  will  rise  very  consider- 
ably, probably  to  the  required  white  heat. 

Q.  I.  What  would  have  been  the  result  in  the  above  case  if 
w«  had  kept  the  resistance  constant  by  doubling  its  length  and 
sectional  area  ? 

The  quantity  of  beat  per  second  would  have  been  the  same, 
but  this  being  put  into  four  times  the  quantity  of  material,  would 
have  made  its  temperature  much  lower  than  before. 

Q.  1.  If  we  intended  the  lamp  in  Q.  i  to  be  used  on  a  circuit 
maintained  at  200  volts  instead  of  100  volts,  and  still  get  the 
same  light  with  the  same  expenditure  of  power,  in  what  way  would 
the  filament  have  to  be  altered  ? 

If  on  a  200  volt  circuit  we  require  the  same  expenditure  of 
power,  then  because  we  have  doubled  the  e.ni.f.  we  must  halve 
the  current,  but  to  get  half  the  current  with  twice  the  e.m.f.  we 
must  make  the  resistance  four  times  its  former  value.  The  quantity 
of  heat  per  second  will  then  be  unaltered,  for  being  proportional 
to  c'r,  it  is  proportional  to  }*  x  ^^  i,  its  former  value. 

We  see  then  that  the  resistance  of  the  filament  has  to  be  four 
times  as  great.  We  could  get  this  by  making  the  filament  four 
times  as  long ;  but  if  we  did,  we  should  have  the  same  quantity  of 
heat  being  put  into  four  times  the  amount  of  material,  and  con- 
sequently its  temperature  would  be  practically  reduced  to  quarter 
the  previous  temperature.  But  we  can  also  make  the  resistance 
of  the  filament  four  times  its  former  value  by  making  it  twice  the 
length  and  half  the  sectional  area.  We  would  then  have  practically 
the  same  filament,  for  what  we  take  from  its  thickness  we  add  on 
to  its  length,  and  the  same  quantity  of  heat  being  put  into  the 
same  quantity  of  material  will  raise  its  temperature  to  the  same 
d^ee. 

The  heating  effect  o^  the  electric  current  is  now  used  to  a 
certain  extent  for  warming  and  cooking.  It  has  many  advantages 
over  ordinary  fires,  being  cleaner,  and  always  ready  for  use  at  a 
moment's  notice ;  the  heat  can  also  be  regulated  easily  and  quickly. 
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The  warming  apparatus  or  radiators  often  consist  of  a  metallic 
support  with  small  porcelain  insulators  arranged  in  a  row  top  and 
bottom,  and  coils  of  iron  wire  (like  spiral  springs)  supported  by  the 
insulators  and  connected  in  series.  The  resistances  are  so  chosen 
that  they  can  be  joined  straight  on  to  the  electric  light  mains, 
and  an  arrangement  is  made  whereby  part  of  the  resistance  may 
be  cut  out  of  the  circuit.  The  more  resistance  cut  out,  the 
greater  is  the  quantity  of  heat  developed  per  minute.  Suppose 
half  the  resistance  be  cut  out,  then,  because  the  e.m.f.  remains 
constant,  the  current  will  be  doubled,  and  the  quantity  of  heat 
developed  in  a  given  time  will  be  equal  to  3*xJ=twice  its 
former  value 

In  cooking  apparatus  the  resistances  are  often  formed  of  wire 
having  a  high  specific  resistance,  so  as  to  get  a  fairly  high  re- 
sistance in  a  small  space.  The  resistance  wire  is  in  many  cases 
arranged  in  a  close  zig-zag  fonn  along  the  bottom  and  sides  of 
the  apparatus,  and  insulated  by  embedding  it  in  an  enamel  which 
on  baking  becomes  quite  hard.  False  bottoms  and  sides  are 
then  put  on  to  prevent  loss  of  heat  as  much  as  possible,  and  to 
protect  the  insulated  wire.  The  amount  of  resistance  can  be 
adjusted  in  the  larger  pieces  of  apparatus,  such  as  ovens,  while 
the  smaller  kinds,  kettles  and  the  hke,  have  a  fixed  resistance. 
The  time  taken  to  cook  depends  on  the  power  we  employ,  for,  as 
we  have  seen,  the  quantity  of  heat  produced  depends  on  the  work 
done,  and  work  done  is = power  x  time.  As  an  example  let  us 
take  an  electrically  heated  kettle,  having  a  resistance  of  10  ohms, 
joined  to  mains  at  100  volts.  How  long  will  it  take  to  boil  a 
pint  of  water,  supposing  all  the  heat  developed  be  given  to  the 
water? 

In  all  probability  the  water  at  the  commencement  will  be  at 
a  temperature  somewhere  about  rs*  C.  If  we  take  this  for  the 
starting  temperature,  then  we  have  to  raise  i  pint=ijlbs.  of  water 
through  ioo'-is'"85*  C. 

The  number  of  calories  required  will  therefore  be  {453  x  1.25) 
X  85,  for  the  calorie  is  the  heat  required  to  raise  i  gram  of 
water  1*  C,  but  we  have  1.25  lbs.  of  water  which  is  equal  to 
453  X  1.25  grams,  and  we  require  to  raise  the  water  85*. 

Now  calories —  c'r/. 14,  and  therefore  /— -= 

^  C»RX.34 
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This  is  (he  time  in  seconds.     If  we  vrish  it  to  be  in  minutes  we 
must  divide  by  60,  or — 

Time  in  minutes  -  -,-  ^ioJ25L_ 

CTRX, 34x60 

_    4S3'<t'S'<85 
"  "  lo'x  lox. 24x60 


It  would  really  take  a  longer  time  than  this,  because  there  are 
certain  unavoidable  losses  of  heat  due  to  radiation,  &c. 

The  heat  developed  in  the  electric  arc  lamp  raises  the 
temperature  of  the  carbon  in  the  crater  to  an  exceedingly  high 
value,  if  not  the  highest  known  on  the  earth.  This  high  tem- 
perature is  now  utilised  in  what  are  known  as  electric  furnaces 
for  the  production  of  aluminium,  carborundum,  calcium  carbide, 
and  other  substances  which  are  only  formed  at  a  very  high 
temperature. 
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CHAPTER  V. 

THE  MAGNETIC  EFFECT  OF  AN  ELECTRIC 
CURRENT. 

Ah  electric  current  produces  another  effect  not  quite  so  apparent 
as  the  heating  effect  described  in  the  last  chapter,  but  one  which 
is  equally  as  important,  if  not  considerably  more  so. 

When  we  take  the  current- carrying  wire  in  our  hands,  and 
examine  it  carefully,  we  do  not  detect  anything  particularly  un< 
common  about  it,  except  that  it  may  perhaps  be  warm,  that 
depending,  as  we  have  seen,  on  the  value  of  c'r.  But  if  we  place 
the  wire  in  some  fine  iron  filings  and  then  withdraw  it,  we  find 
the  wire  covered  with  the  filings,  as  though  they  were  sticking  to 
it  When  we  stop  the  current  the  filings  immediately  fall  off,  and 
on  trying  again,  with  no  current  flowing,  we  find  the  iron  filings 
will  not  stick  to  the  wire.  We  are  therefore  at  once  led  to  the 
conclusion  that  the  wire,  when  carrying  an  electric  current,  is  in 
some  way  different  to  what  it  is  when  not  carrying  a  current,  and 
not  only  that,  but  the  space  round  it  appears  to  be  influenced  by 
the  passage  of  a  current  through  it. 

Let  us  examine  more  closely  into  it  If  we  take  a  sheet 
of  cardboard  and  make  a  hole  in  its  centre,  threading  out  con- 
ductor through  it  so  that  it  stands  perpendicular  to  the  cardboard 
for  a  short  distance  above  and  below  it  (the  cardboard  standing 
horizontally  on  two  blocks  of  wood),  and  then  sprinkle  fine  iron 
filings  through  a  sifter  evenly  but  sparingly  all  over  the  cardboard, 
we  find  that  the  filings  set  themselves  in  no  definite  order  when 
no  current  is  flowing,  but  when  we  send  a  fairly  strong  current 
through  the  conductor,  and,  while  it  flows,  gently  tap  the  card- 
board so  as  to  allow  the  filings  freedom  to  move,  we  find  them 
arranging  themselves  very  definitely  into  cireles  round  the  con- 
ductor This  arrangement  of  the  filings  is  very  marked,  and  we 
can  see  evidence  of  it  at  some  little  distance  from  the  conductor. 
If  we  increase  the  strength  of  the  current  we  notice  on  tapping 
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the  cardboard  that  the  filings  have  a  tendency  to  be  drawn  closer 
to  Ihe  conductor,  while  evidence  of  the  circular  arrangement  of 
the  filings  can  be  detected  at  a  greater  distance  than  before. 

Fig,  12  is  a  diagram  of  what  would  be  seen  looking  down  on 
the  cardboard. 

If  we  move  the  wire  up  or  down,  so  as  to  bring  other  parts  of 
it  into  the  plane  of  the  cardboard,  and  repeat  the  experiment,  we 
find  exactly  ihe  same  result,  so  that  evidently  this  peculiar  effect 
extends  round  all  parts  of  a  conductor  while  it  is  carrying  a 
current  In  fact,  the  conductor  appears  to  be  jacketed  throughout 
its  entire  length  by  some  specialised  condition  of  the  surrounding 


space.  To  make  this  clear,  imagine  a  circuit  of  small  steam  pipes, 
sUrting  from  a  boiler,  and  going  through  various  intricate  paths 
to  the  exhaust.  When  a  current  of  steam  is  passed  through  it, 
the  space  surrounding  the  conductor  (pipes)  will  be  in  a  specialised 
condition  {heated).  We  need  not  touch  the  pipes  to  know  that  a 
current  of  steam  is  passing  through  them,  for  if  we  place  our 
hands  near  to  any  part  of  the  conductor  we  can  feel  that  the  space 
there  is  different  to  what  it  was  when  no  steam  was  passing  through 
the  pipes,  and  this  special  state  of  the  surrounding  space  exists 
round  every  part  of  the  steam-carrying  conductor,  including  the 
boiler,  where  in  all  probability  the  effect  is  very  much  greater.     If 
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«e  increase  the  current  of  steam  through  the  pipes  the  effect  is 
felt  at  a  greater  disUnce. 

In  our  electr'cal  circuit  we  influence  the  space  surrounding 
the  current-carrying  conductors,  dynamo  as  well,  not  by  heating  it, 
but  by  magnetising  it,  and  we  have  already  seen  that  it  exerts  this 
influence  in  a  circular  direction,  and  that  it  apparently  fades  away 
as  we  go  further  from  the  conductor. 

Let  us  now  brush  away  the  iron  filings,  and  arrange  a  number 
of  small  pocket  compass  needles  round  the  wire,  as  ^own  in 

Fig.  13. 
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When  we  send  a  current  through  the  conductor,  we  see  them 
immediately  set  themselves  as  in  Fig.  14,  where  all  the  north  poles 
appear  desirous  of  going  round  the  conductor  in  one  direction, 
and  all  the  south  poles  in  the  opposite  direction. 

This  tells  us  a  bit  more.  Not  only  is  the  space  round  the 
conductor  magnetised,  but  it  is  magnetised  in  a  certain  definite 
direction.  If  we  reverse  the  position  of  the  wires  joined  to  the 
dynamo  or  battery  terminals,  we  find  that  the  compass  needles  all 
point  in  exactly  opposite  directions  to  what  they  did  previously 
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as  shown  in  Fig.  15.  We  therefore  see  that  some  difTerence  is 
made  by  the  way  we  join  our  conductors  to  ihe  dynamo ;  evidently 
by  reversing  the  position  of  the  wires  on  the  dynamo  terminals 
we  have  reversed  the  direction  of  the  magnetised  space  or  "  field," 
as  it  is  called,  round  the  conductor. 

This  shows  us  that  we  can  s[M;ak  of  the  direction  of  an  electric 
current,  and  it  also  points  out  a  method  of  idenlifying  it  at  any 
time,  for  when  a  current  flows  in  a  particular  direction  the  north 
pole  of  a  compass  needle  placed  in  the  magnetic  field  created  by 
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the  current  tends  to  travel  round  the  conductor  in  a  clockwise 
or  anti-clockwise  direction,  according  to  the  direction  in  which 
the  cun-ent  flows. 

Looking  again  at  Fig.  14,  we  see  that  all  the  north  poles  of  the 
compass  needles  are  being  urged  in  a  clockwise  direction,  as  ve 
view  them,  from  the  top.  In  this  case  the  current  is  said  to  be 
flowing  away  from  us,  or  from  the  upper  to  the  lower  side  of  the 
cardboard.  This  direction  can  be  easily  remembered  when  we 
remember  that  it  combines  the  double  movement  of  a  screw.  If 
we  wish  to  pass  a  screw  down  or  through  the  cardboard  in  the 
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same  direction  that  the  current  is  flowing,  we  must  give  it  a  clock- 
wise twist,  which  corresponds  to  the  clockwise  twisting  of  the 
north  poles  of  the  compass  needles  when  the  current  flows  down, 
whereas  if  we  wish  the  screw  to  be  moved  up  or  out  of  the  card- 
board we  must  twist  it  in  an  anti-clockwise  direction,  which  again 
corresponds  to  the  upward  movement  of  the  current  and  the 
anti-clockwise  twisting  of  the  north  poles  of  the  compass  needles. 
This  method  of  finding  the  direction  of  a  current  is  very  con- 
venient and  helpful,  though  it  is  not  the  only  method  we  have  of 
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finding  it,  as  ve  shall  see.  It  follows  that  as  a  current  of  elec- 
tricity always  flows  from  a  higher  to  a  lower  potential,  just  as 
water  always  flows  from  a  higher  to  a  lower  level,  we  might  stale 
at  once  which  of  the  two  dynamo  or  battery  terminals  has  the 
higher  potential,  by  simply  noticing  the  direction  in  which  the 
north  pole  of  a  compass  needle  is  urged  when  placed  in  the  field. 
This  is  known  as  the  positive  or  -i-  terminal,  and  the  other  the 
native  or  -  terminal. 

It  is  often  very  important  to  know  in  which  direction  the 
current  is  flowing  round  a  circuit,  and  it  is  not  often  convenient 
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to  arrange  out  compass  needles  just  as  indicated  in  Fig.  13.  If 
instead  of  so  doing  we  place  a  compass  needle  on  the  table,  and 
notice  in  which  direction  it  points,  then  place  the  conductor 
over  it  and  along  the  length  of  the  needle  so  as  to  hide  it 
from  our  view,  when  we  switch  the  cunent  on  we  shall  find  the 
needle  deflected  in  the  endeavour  made  by  the  north  pole  to  go 
round  the  conductor  in  one  direction  and  the  south  pole  in  the 
opposite  direction,  and  we  can  then  easily  deduce  the  direction 
of  the  current.  I^  for  instance,  we  put  ourselves  in  line  with  the 
conductor,  with  the  compass  needle  In  front  of  us,  and  notice 
that  the  north  pole  is  urged  to  our  lef^  we  conclude  that  the  north 
pole  is  trying  to  travel  round  the  conductor  in  a  clockwise  direc- 
tion when  viewed  from  the  end  nearest  ourselves,  and  therefore 
the  current  must  be  flowing  away  from  us,  because  in  so  doing  it 
turns  the  north  pole  of  the  compass  needle  in  the  same  direction 
that  a  screw  would  have  to  be  turned  in  moving  away  from  us. 

There  is  a  very  simple  rule,  and  an  exceedingly  convenient  one 
to  apply  in  all  such  cases.  If  we  stretch  out  the  right  hand,  the 
thumb  normally  stands  at  right  angles  to  the  fingers.  Now  place 
the  fingers  on  the  conductor,  pointing  in  the  direction  in  which 
the  current  was  found  to  be  flowing,  with  the  palm  of  the  hand 
facing  the  compass  needle,  and  it  will  be  seen  that  the  thumb 
points  in  the  direction  in  which  the  north  pole  of  the  compass 
needle  was  urged.  If  therefore  we  wish  to  find  the  direction  of 
the  current,  all  we  need  do  is  to  place  a  compass  needle  under 
the  conductor  and  notice  the  direction  in  which  the  north  pole  is 
deflected,  then  stretch  out  the  right  hand  over  the  conductor  with 
the  fingers  pointing  along  its  length  and  the  thumb  pointing  in 
the  direction  indicated  by  the  north  pole  of  the  needle.  The 
fingers  are  then  pointing  in  the  direction  in  which  the  current  is 
flowii^.  A  very  licile  practice  will  soon  enable  the  student  to 
apply  this  with  ease  and  certainty. 

This  is  known  as  the  right-hand  rule.  It  will  be  noticed  that 
the  left  hand  will  not  do,  for  when  outstretched  the  thumb  points 
in  just  the  opposite  direction  to  that  of  the  right  hand. 

If  instead  of  threading  the  conductor  only  once  through  the 
cardboard  as  in  Fig.  n,  we  were  to  thread  it  through  a  number 
of  times,  say  ten  times,  we  should  find  the  iron  filings  ananging 
themselves  in  exactly  the  same  way  as  before,  but  the  efllect  would 
be  ten  times  greater,  providing  the  cturent  remained  of  the  same 
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strength,  for,  as  we  shall  see  further  on,  the  magnetisation  pro- 
duced in  this  way  is  proportional  not  only  to  the  strength  of  the 
current  but  also  to  the  number  of  turns  of  wire  carrying  the 
cunent,  that  is,  to  the  current  turns  or  ampere  turns. 

Let  us  now  take  another  sheet  of  cardboard,  and  make  two 
holes  in  it  about  3  or  4  in.  apart,  and  after  Bending  the  con- 
ductor into  n  shape,  pass  the  limbs  through  the  holes.  When 
we  join  this  to  our  dynamo  or  batteiy  a  current  will  flow  »/  one 
limb  and  down  the  other,  that  is,  in  opposite  directions  in  the  two 
limbs.     If  we  now  sprinkle  the  cardboard  with  iron  filings  as 


Tig.  16. 


before,  and  get  a  view  of  what  is  happening  in  the  space  between 
the  limbs,  we  find  the  filings  arrange  themselves  as  in  Fig-  16. 

Here  the  filings  do  not  embrace  the  two  wires  as  they  did  with 
the  ten  wires,  but  the  curves  formed  by  the  current  in  one  wire 
appear  to  be  pushing  away  those  formed  by  the  other,  which 
causes  them  to  become  eccentric  and  practically  straight  lines 
for  a  short  distance  midway  between  the  two  wires.  It  will  be 
noticed  that  the  curved  lines  never  cross  one  another,  and  also 
that  they  all  appear  to  be  closed  curves  or  to  form  closed  circuits. 

This  repulsive  action  of  the  magnetism  produced  by  the  two 
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limbs  of  the  conductor  is  really  tending  to  straighten  out  the  con- 
ductor, though  the  forces  are  far  too  small  to  produce  any  such 
effect.  We  would,  however,  get  exactly  the  same  result  if  we  used 
two  separate  conductors  carrying  currents  in  opposite  directions  in 
place  of  the  two  limbs  of  the  same  conductor,  and  if  we  were  to 
suspend  these  conductors  by  threads,  so  as  to  allow  them  freedom 
of  movement,  we  should  actually  see  the  conductors  repelling  one 
another  when  we  started  the  currents  flowing  in  them. 

Just  the  reverse  of  this  takes  place  when  the  current  flows  in 
the  same  direction  in  two  or  more  conductors.     In  the  case  of  the 


Fig.  17. 

ten  wires,  the  field  due  to  the  current  in  any  one  wire  links  itself 
on  to  that  produced  by  the  others  so  as  to  produce  one  field  ten 
times  as  strong  as  that  of  one  wire,  and  in  the  endeavour  made 
by  the  field  to  so  link  on,  attraction  takes  place  between  the  con- 
ductors. The  ten  wires,  when  carrying  a  current,  are  as  it  were 
magnetically  sticking  together,  and  if  they  were  free  to  move,  and 
we  separated  them  a  little,  we  should  see  them  fly  back  and  cling 
to  one  another.  We  sum  this  up  in  the  statement  that  "con- 
ductors carrying  currents  in  the  same  direction  attract  each  other," 
and  "conductors  carrying  currents  in  opposite  directions  repel 
each  other." 
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Let  us  now  squeeze  the  two  limbs  of  the  conductor  closer 
together,  and  repeat  the  experiment  with  the  iron  filings.  We 
shall  notice  that  the  eccentricity  becomes  more  marked,  while 
the  arrangement  of  the  filings  cannot  be  detected  at  so  great  a 
distance.  If  we  continue  the  experiment  until  the  two  limbs  are 
nearly  in  contact,  we  shall  scarcely  detect  any  arrangement  of  the 
filings  at  all.  Evidently  all  through  the  magnetic  effect  of  the 
current  in  one  limb  has  been  opposed  to  that  of  the  other  limb, 
the  one  repelling  the  other,  and  limiting  the  distance  of  each  field 
between  the  conductors,  crowding  the  lines  together  at  this  part. 


Fig.  18. 

Now  let  us  open  out  the  limbS  again,  so  that  they  stand  at 
their  original  distance  apart,  and  then  thread  the  conductor  through 
a  second  time,  placing  the  two  turns  of  wire  side  by  side. 

We  have  now  the  same  strength  current  as  before,  but  we  use 
it  twice  instead  of  once.  On  again  obtaining  a  picture  view  of 
the  magnetic  field  with  the  iron  filings  we  see  what  is  represented 
diagram matically  in  Fig.  17. 

Here  the  fields  of  the  two  wires  on  either  side  appear  to  have 
linked  themselves  together,  and  to  be  giving  an  effect  double  of 
that  produced  by  one  wire,  with  a  proportionally  longer  straight 
part  at  the  centre. 

Now  imagine  the  wire  to  be  threaded  through  a  large  number 
of  times  with  all  the  turns  placed  side  by  side  like  a  spiral 
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spring,  as  represented  in  Fig.  i8.  When  the  same  current  flows 
through  such  a  conductor,  we  notice  that  the  tilings  appear  to  be 
straight  inside  the  spiral  for  a  certain  proportion  of  its  length, 
due  to  the  magnetic  field  of  all  the  conductors  on  either  side 
linking  on  or  running  one  into  the  other,  while  the  field  produced 
hy  the  conductors  on  one  side  is  apparently  pushing  back  that 
produced  by  the  conductors  on  the  opposite  side.  There  is  an 
evident  crowding  together  of  the  lines  inside  the  spiral  and  a 
Spreading  of  the  lines  outside  it. 

This  spreading  of  the  lines  outside  the  coil  is  due  to  all  the 
lines  of  force  being  self-repellent,  and  therefore  when  they  get 
out  of  the  influence  of  the  coil  they  repel  one  another  on  either 
side  as  far  as  possible.  To  get  them  crowded  together,  as  they 
are  represented  inside  the  coil,  we  must  expend  a  certain  amount 
of  energy  in  overcoming  the  self-repellent  action  of  the  lines  of 
force. 

Each  of  the  lines  formed  by  the  filings,  if  carefully  traced,  is 
found  to  complete  a  circuit  If  ve  start  at  any  point  on  one  of 
them  and  follow  it  carefully,  we  find  that  after  taking  some  lengthy 
path  outside  the  spiral  it  always  returns  through  the  spiral  or  coil 
to  the  starting  point  Therefore  every  line  found  outside  the  coil 
is  also  to  he  found  inside  it 

If  we  twist  the  spiral  round  through  any  angle,  holding  the 
cardboard  fixed  so  as  to  bring  another  part  of  the  coil  into  the 
plane  of  the  cardboard,  we  find  an  exactly  similar  result  at  what- 
ever part  we  try.  We  therefore  conclude  that  ali  the  space  inside 
and  outside  the  spiral  is  subjected  to  this  magnetic  effect  due  to 
the  current.  The  effect  is  somewhat  similar  to  water  flowing  in  a 
vertical  hose  pipe,  which  on  reaching  the  top  sprays  out  in  all 
directions,  but  in  our  magnetic  circuit,  after  spraying  at  one  end, 
they  appear  to  collect  together  and  pass  in  again  at  the  other  end. 

It  will  perhaps  have  been  noticed  that  we  have  often  spoken 
of  the  magnetism  produced  as  the  magnetic  lines.  The  filings 
set  themselves  into  lines,  but  the  reason  for  their  so  doing  can 
be  shown  to  be  due  to  each  filing  being  under  magnetic  attrac- 
tions and  repulsions,  which  tend  to  bring  them  end  to  end  in 
lines. 

It  must  not  be  im^ned  by  the  student  that  the  magnetic 
condilion  of  the  space  round  the  conductor  consists  of  a  number 
of  lines  of  force  or  stress  with  spaces  between,  as  mapped  out  by 
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the  filings,  but  rather  as  a  continuous  state  of  stress,  getting 
weaker  as  wc  go  from  the  conductor,  like  the  heat  surrounding 
the  steam  pipes  spoken  of  previously.  When  we  come  to  measure 
the  strength  of  magnetic  fields,  to  work  with  them  and  compare 
them,  it  is  found  very  convenient  to  speak  of  the  field  as  con- 
taining so  many  lines  of  force,  and  the  strength  of  the  field  as  the 
number  of  lines  of  force  that  pass  through  each  square  centimetre 
of  cross  section.  The  lines  as  mapped  out  by  the  iron  tilings  do 
not  represent  the  lines  of  force  we  mean  when  speaking  of  the 
strength  of  the  field,  and  so  it  is  impossible  to  measure  its  strength 
by  attempting  to  count  the  lines  produced  by  the  iron  filings.  We 
have  to  work  with  an  universally  recognised  unit  line  of  force,  and 
one  of  the  iron  filings  lines  may  represent  any  number  of  such 
unit  lines. 

Referring  back  to  Chapter  II.  it  will  be  seen  that  a  definition 
of  unit  magnetic  pole  was  there  given.  Faraday  formulated  the 
idea  of  magnetic  lines  of  force,  and  he  took  the  unit  magnetic 
field  as  containing  i  line  of  force  passing  through  each  square 
centimetre  of  the  section.  If  we  have  lo  lines  of  force  per  square 
centimetre,  then  the  intensity  of  the  field,  he  would  say,  was  equal 
lo  TO  times  the  unit  field. 

We  have  now  to  see  what  relation  exists  between  this  new 
unit  and  the  unit  magnetic  pole  used  up  to  Faraday's  time. 
Suppose  the  unit  pole  to  be  surrounded  by  a  sphere  of  i  cm. 
radius,  then  all  parts  of  the  sphere's  surface  will  be  at  unit 
distance  from  the  unit  pole,  and  therefore  if  a  second  unit  pole 
be  placed  anywhere  on  the  surface  of  this  sphere  it  will  ex- 
perience a  force  of  i  dyne.  Now  according  to  Faraday's  definition 
this  field  at  the  surface  of  the  sphere  is  to  be  called  unit  field, 
and  to  be  represented  by  i  line  of  force  through  each  square 
centimetre.  That  is  to  say,  a  unit  magnetic  pole  placed  in  a  field 
of  strength  =  unity  (=i  line  of  force  per  square  centimetre) 
experiences  a  force  of  i  dyne.  Now  in  such  a  sphere  there  are 
4T  (Bis.sfi)  ^-  c^'>  '<^''  ^^  ^^^  ^^^  sphere  is  equal  to  4^  times 
the  square  of  the  radius,  and  the  radius  being  unity,  there  are 
4s-  sq.  cm.,  and  as  i  line  of  force  is  supposed  to  pass  through 
each  square  centimetre,  it  follows  that  the  unit  pole  has  41  lines 
of  force  radiating  from  it.  It  is  in  this  unit,  then,  that  our  lines  of 
force  are  measured. 

In  Chapter  II.  we  also  considered  the  unit  of  current,  and 
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there  saw  that  if  i  cm.  of  the  conductor  carrying  unit  current 
be  bent  into  an  arc  of  t  cm.  radius,  it  exerted  a  force  on  a  unit 
pole  placed  at  the  centre  of  i  dyne.  Now  we  have  just  seen  that 
the  unit  pole  creates  unit  magnetic  field  all  round  it  at  a  distance 
of  I  cm.,  and  as  the  conductor  is  bent  into  an  arc  of  i  cm.  radius, 
all  parts  of  it  must  be  standing  in  unit  magnetic  field  (=  i  line 
per  square  centimetre).  Of  course  the  current-carrying  conductor 
wilt  experience  the  force  of  i  dyne  as  well  as  the  unit  pole,  and  if 
the  pole  be  fixed  and  the  conductor  free  to  move,  it  will  move. 
If  the  unit  pole  be  replaced  by  another  of  a  units,  then  it 
establishes  s  lines  per  square  centimetre  at  unit  distance,  and 
the  force  acting  on  the  current-carrying  conductor  is  doubled. 


Again  if  the  strength  of  the  current  in  the  conductor  be 
doubled,  the  force  acting  on  it  when  placed  in  any  given  strength 
of  field  is  also  doubled,  and  therefore  the  force  in  dynes  acting 
on  a  current-carrying  conductor  depends  on  {i)  the  strength  of 
the  field  it  is  placed  in,  and  (z)  on  the  strength  of  the  current 
flowing  in  the  conductor. 

It  will  be  quite  evident  that  if  we  take  another  centimetre 
length  of  conductor  carrying  the  same  current  and  place  it  in  the 
same  strength  field,  that  too  will  experience  the  same  force; 
and  therefore  the  force  in  dynes  acting  on  a  conductor  carrying 
a  current  in  a  magnetic  field  is  equal  to  (i)  strength  of  the  field  in 
lines  per  square  centimetre  ;  (z)  strength  of  the  current  in  absolute 
''™'s;  {3)  the  length  of  the  conductor  in  centimetres,  or  f  =  hc/, 
where  H  represents  the  strength  of  field,  C  the  current  in  absolute 
Units,  and  /  the  length  of  conductor  in  centimetres. 
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Suppose  we  have  a  unirorm  magnetic  (ield  of  strength  =  i,  or 
I  line  pel  square  centimetre,  and  into  this  field  we  introduce  a 
conductor  carrying  absolute  unit  current  (^  10  amperes),  then  this 
conductor  experiences  a  force  of  1  dyne.  If  now  we  move  this 
conductor  \  cm.  against  the  force,  we  do  i  erg  of  work,  but  in  so 
doing  we  cut  through  i  line  of  force.  If  the  field  be  increased 
in  strength  to  any  other  number  of  lines  per  square  centimetre, 
then  the  force  exerted  on  the  conductor  will  be  increased  in  the 
same  proportion,  with  corresponding  increases  in  the  work  done 
in  moving  the  conductor  i  cm.  in  the  field.  Imagine  that  we 
take  exactly  i  second  in  moving  the  conductor  i  cm.,  then  we 
shall  have  acted  on  i  unit  quantity  of  electricity,  for  the  unit 
quantity  of  electricity  is  that  quantity  which  is  conveyed  by  unit 
current  in  i  second. 

Now  we  have  seen  that  when  work  is  done  by  a  current,  a  back 
e.m.f.  is  produced  and  that  work  done^QE,  and  therefore  e= 
work  done     ^^^^  ^j^^  intensity  of  the  field  is  unity,  then  work 

done  in  moving  the  conductor  through  i  cm.  of  the  field,  and  so  cut- 
ting through  r  line  of  force,  is  =  i  erg,  and  the  e.m.f.  de\-eloped  in  the 

conductor  =.  E-*"*"^""^  =  -  - 1  absolute  unit 
Q  1 

If  we  take  2  seconds  in  moving  the  conductor  through  the 
centimetre  length  of  unit  field,  then  the  work  done  will  be  still 
I  erg,  for  work  done  is  independent  of  the  time  taken,  but  we  shall 
have  acted  on  2  units  of  quantity,  for  evidently,  if  the  current 
remains  of  the  same  strength,  then  twice  the  quantity  of  elec- 
tricity passes  in  3  seconds  as  does  Jn  i  second.  Therefore  e» 
work  done  ^^^  ^^  ^^^  ^^^  j^  ^j^^  ^^^^  j^^^  j^  ^^^^^^  ^^[^^ 

Again  suppose  the  movement  be  accomplished  in  }  second,  then 
work  done  =  1  er&  and  q  acted  on  =  J.     Therefore  K  =  ""'''^  '^""^ 

=  j=a  absolute  units  (100,000,000  of  these  units -i  volt).    This 

s 
shows  us  that  when  conductors  cut  through  lines  of  force,  an  e.m.f. 
is  generated  in  them  independent  of  the  current  flowing.     The 
e.m.f.  generated  is  proportional  to  the  rate  of  cuttit^;,  or  in  symbols 

e.m.C  -  -ft  where  ir  represents  the  total  lines  cut,  t  the  total 
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number  of  turns  cutting  n  lines,  and  t  the  lime  in  seconds  taken 
in  cutting. 

Before  we  can  calculate  the  intensity  of  the  iield  in  an^  given 
case  we  have  to  consider  two  other  points,  viz.,  the  magneto- 
motive-force, and  the  magnetic  resistance  or  reluctance  as  it  is 
commonly  called. 

When  we  considered  the  comparable  electrical  case,  we  found 
that  before  we  could  say  what  current  would  flow  in  any  case  we 
had  to  consider  the  electro-motive-force  and  the  electrical  resist- 
ance, and  we  saw  tiiat — 

e.m.f. 
elec.  res. 

In  much  the  same  way  we  have  to  consider  the  magnetic  circuit, 
for— 

^  m.m.f. 

where  m.m.f.  stands  for  the  magneto-motive  ftirce. 

What  then  is  the  unit  of  magneto-motive-force,  and  how  is 
it  measured?  We  measure  this  in  a  similar  way  to  that  employed 
in  the  electrical  case  (see  Chapter  II.),  by  measuring  the  work 
done  in  urging  a  unit  quantity  of  magnetism  round  the  (magnetic) 
circuit. 

Imagine  a  solenoid  or  coil  of  wire  (such  as  is  shown  in  Fig. 
18)  having  any  number  of  turns,  say  t  turns,  carrying  a  current  of 
C  absolute  units.  How  much  work  will  be  done  (electrically) 
in  urging  unit  quantity  of  magnetism  round  this  circuit?  Unit 
quantity  of  magnetism  or  unit  pole  has  4ir  lines  of  force,  and 
electrical  work  done  =  QE,  and  £  is  given  by  the  rate  of  cutting 
lines  of  force  =  ^ 

The  number  of  lines  of  force  cutting  =  41,  and  they  cut 
through  T  turns  in  say  /  seconds,  therefore  the  e.m.f.  developed  is 
equal  to  - —  absolute  units. 

The  quantity  of  electricity  acted  upon  in  this  time  is  equal  to 
the  strength  of  the  current  multiplied  by  the  time  in  seconds,  or 
Q  =  c  X  /. 

Therefore  qe  =  (c  x  /)  x  il^' = c  x  4jr  x  t,  and  therefore  the 
time  taken  does  not  influence  the  result  (work  done),  for  if  the 
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time  be  long,  the  e.m.f.  developed  will  be  small,  but  the  quantity 
acted  on  will  be  correspondingly  large,  and  vice  versa. 

The  work  done  in  urging  unit  pole  round  the  magnetic  circuit  is 
=  ^-wCt  ergs,  and  the  m.m.f.  is  therefore  given  as  equal  to  4trcT. 
But  we  measure  our  current  in  amperes  for  practical  purposes,  and 
the  ampere  is  only  ^  of  the  value  of  the  absohite  unit,  and  there- 
fore we  get  for  the  m.m.f. or  1.25  ampere  turns. 

How  is  tlie  magnetic  resistance*  or  reluctance  measured? 
Again  in  a  very  similar  manner  to  the  electrical  case.  There  we 
saw  that — 

Resistance --!S5«*-xsp., en. 
sec  area 

We  mi^t  just  as  easily  have  stated  it  as — 

^^  length 


sec.  area  sp.  conductivity 
The  magnetic  reluctance  is  likewise  proportional  to  the  length  of 
the  magnetic  circuit,  and  also  inversely  proportional  to  the  sec- 
tional area,  and  inversely  proportional  to  the  specific  conductivity 
of  the  material  to  be  magnetised,  or,  as  it  is  more  commonly 
called,  to  the  permeability  of  the  material,  and  therefore  the 

magnetic  resistance  or  reluctance  = °—  x — :-; — ,   The 

sec.  area     permeability 
permeability  is  often  symbolised  by  the  Greek  letter  ^ 
We  can  now  write — 

Magnetic  effect  produced\  _    m.m.f.       i-^S  amp,  tarns. 

or  total  lines  ]    reluctance" '^"g'" 

sec.  area  x/i 

If  we  symbolise  the  total  lines  of  force  produced  by  n,  then — 

■  ?;"  ,"T  .     1.25  \-T  X  sec.  area  x  « 

H.^|ejg!h_ |,„pi,  (!„,„,) 

sec.  area  x/t 
If  the  coil  is  foirly  long  compared  with  its  diameter  then  the 
above  formula  is  true,  but  not  so  If  the  coil  be  short,  for  the  effect 
of  the  poles  formed  at  the  ends  is  then  of  relatively  much  greater 
importance.    The  poles  formed  in  every  case  tend  to  demagnetise 

*  It  it  preferable  to  Die  the  word  leluctince  in  this  conncclioii,  foi  lesistance 
ii  waaUy  atsociated  wilh  wute  of  ene^y,  and  there  is  nothing  of  the  kind  io 
the  pteteat  caie. 
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the  anangement,  for  if  a  north  pole  be  formed  at  one  end  it  would 
tend  to  urge  a  north  pole  to  the  other  end  of  the  coil,  i.e.,  in  just 
the  opposite  direction  to  that  exerted  by  the  m.m.f.  of  the  coil, 
and  similarly  for  the  opposite  pole  at  the  other  end.  The  stronger 
the  poles  so  formed,  the  stronger  is  their  demagnetising  action, 
this  being  proportional  to  the  strength  of  the  pole,  and  inversely 
proportional  to  the  square  of  the  distance  from  the  pole  to  the 
centre  of  the  coil. 

If  therefore  the  length  of  the  coil  be  large,  the  demagnetising 
efiect  is  negligible,  or  again  if  the  coil  be  bent  round  to  form  a 
circle,  there  are  no  poles  formed,  and  again  the  above  formula  holds 
good,  llie  permeability  of  air  is  taken  as  unity,  and  all  other 
substances  are  compared  with  it  If  then  we  are  dealing  with  air 
only  we  get — 

T  .  1 1-  1-25  A-T  X  sec.  area  x  i 

Total  lines  <-  — i- -—. 

length  m  cm. 
or  what  comes  to  the  same  thing — 

Total  lines  =  i.  25  a-t  per  cm.  x  sec.  area. 
But  we  are  often  more  concerned  about  the  magnetic  density 
than  the  total  lines,  for  we  can  get  almost  any  number  of  lines 
with  any  given  number  of  ampere  turns,  if  we  allow  space  enough. 
But  a  given  number  of  ampere  turns  will  only  maintain  a  certain 
m^netic  density,  and  usually  we  want  not  only  a  large  number  of 
lines  of  force,  but  we  want  them  also  in  a  certain  space,  that  is, 
we  want  a  certain  density  of  the  lines  of  force.     The  density 

or  lines  per  square  centimetre  is  = ,  and  this  in  the  case 

sec  area 

of  air  is  usually  symbolised  by  h  to  distinguish  it  from  total 
lines  N. 

ITierefore  h ? i.aS  A-Tpercentimelre.<i«.  ua 

sec.  area  sec.  area 

or  H  =  1,15  times  the  ampere  turns  per  centimetre.  Therefore  to 
produce  any  intensity  of  field  in  air,  we  must  provide  j  h  or  0.8  h 
ampere  turns  (per  centimetre)  to  get  it,  for  if  11  =  1.35  ampere 
turns  per  centimetre — 

Ampere  turns  per  cm.  => =>Hx-  or  .8  H. 

^  r-»S  5 

Thus,  required  a  field  of  intensity  100  in  a  long  coil.  Maximum 
current  to  be  10  amperes.  How  many  turns  of  wire  must  be 
wound  on. 
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Here  H  =100-1.25  ampere  turns  per  centimetre. 
Therefore  ampere  turns  per  cm,  =.8  x  100=80. 
Maximum  current<3io  amperes. 

Therefore  — —  8  turns  per  cm.  must  be  wound  on  coil. 

H  is  seen  to  be  independent  of  the  sectional  area  of  the  coil.  I 
we  make  the  section  large,  we  get  the  same  intensity  as  with  a 
smalt  sectional  area,  providing  we  maintain  the  same  m.m.f.,  and 
therefore  we  get  many  more  lines  in  one  case  than  in  the  other. 
It  might  therefore  be  supposed  that  there  would  be  a  great 
advantage  in  making  coils  of  large  sectional  area,  but  the  advan- 
tage is  not  so  great.  The  reason  is  this : — With  the  larger 
sectional  area  in  the  coil,  it  requires  a  much  greater  length  of 
wire  to  make  one  tont  than  with  the  smaller  sectional  area, 
consequently  the  resistance  of  the  conductor  for  a  given  number 
of  turns  is  greater,  and  the  power  required  to  maintain  a  given 
current  through  the  same  number  of  turns — that  is,  to  produce 
the  same  number  of  ampere  turns— ^is  greater  than  before. 
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CHAPTER   yi. 

THE  MAGNETISATION  OF  IRON. 

So  far  we  have  been  considering  the  liws  governing  the  mag- 
netisation or  the  air-space  inside  a  coil.  If  we  fill  this  space  with 
wood,  glass,  brass,  zinc,  or  any  material  other  than  iron  or  steel, 
no  alteration  is  made  in  the  strength  or  intensity  of  the  lield. 
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The  lines  of  force  pass  through  them  as  they  did  through  the  air- 
space before  they  were  introduced  into  the  coil,  therefore  their 
magnetic  reluctance  is  said  to  be  equal  to  that  of  air,  and  we 
can  consider  the  magnetisation  of  all  such  things  as  if  we  were 
magnetising  the  same  length  and  cross  section  of  air. 

We  have  seen  that  the  magnelisiog  force  necessary  to  produce 
any  intensity  of  field  H  in  air  (and  therefore  in  any  substance 
other  than  iron  or  steel)  is  =  1.25  times  ihe  ampere  turns  per  centi- 
metre length,  that  is  to  say,  the  ampere  turns  per  ccnliiiietre  length 
are  numerically  \  that  of  the  field  produced.  Thus  if  H  =  50,  then 
H  =  1.25  ampere  turns  per  centimetre,  and  therefore  the  ampere 
turns  per  centimetre  = =  -5—  =  40  =  4  of  h.     This  holds 


r.is 


1-25 


good  whatever  the  intensity  of  the  field  may  be.    If  H  =  5000,  then 
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we  must  provide  ^  ot  5,000  ampere  turns  for  every  centimetre 
length,  or  4,000  ampere  turns  per  centimetre.  The  straight  line 
in  Fig.  30  is  drawn  showing  the  relation  between  the  ampere 
turns  per  centimetre  and  h,  the  ampere  turns  per  centimetre 
being  \  H  for  any  value  chosen. 

Suppose  we  wish  to  produce  at  the  centre  of  a  long  coil  a 
field  of  intensity  50,  i.e.,  50  lines  through  every  square  centimetre, 
then  we  must  provide  40  ampere  turns  for  every  centimetre  length 
of  the  coil.  The  total  number  or  lines  that  we  get  depends  on 
the  sectional  area,  for  with  this  number  of  ampere  turns  we  pro- 
duce 50  lines  in  •vay  square  centimetre  independent  of  the 
number  of  square  centimetres  we  enclose  by  the  turns. 

But  suppose  we  place  inside  this  coil  a  core  of  soft  iron,  so 
that  the  space  is  entirely  filled  by  it,  we  shall  find  that  with  the 
40  ampere  turns  per  centimetre  length  we  do  not  get  50  lines  per 
square  centimetre,  but  more  like  15,000.  Evidently  when  iron  is 
placed  inside  the  coil  the  lines  of  force  are  able  to  crowd  together 
very  much  easier  than  before.  The  iron  has  diminished  the 
magnetic  reluctance  inside  the  coil  enormously.  We  might  say 
we  have  replaced  one  material  (air)  offering  a  high  magnetic 
reluclance  with  another  material  (iron)  offering  a  very  much 
smaller  reluctance,  and  consequently  with  the  same  magnetising 
force  or  m.m.f.  we  get  a  very  large  increase  in  the  magnetisation 
produced,  in  much  the  same  way  that  if  we  replace  a  high 
electrical  resistance  by  a  very  small  one  -we  get  with  the  same 
e.m.f.  a  large  increase  in  the  current  produced.  The  magnetism 
induced  in  iron  when  placed  in  a  magnetic  field  is  oflen  spoken 
of  as  the  magnetic  induction,  and  this,  as  we  shall  see,  depends  in 
part  on  the  physical  condition  of  the  iron,  its  temperature,  purity, 
&c  It  is  for  this  reason  that,  where  strong  magnetic  fields  are 
required,  the  coils  always  contain  iron  cores,  for  we  then  produce 
an  intense  field  with  but  a  small  expenditure  of  power.  To 
produce  this  field  of  15,000  lines  per  square  centimetre  with  an 
air,  wood,  copper,  or  any  other  core  except  iron  or  steel,  would 
require  a  magnetising  force  of  ^  of  15,000=  13,000  ampere  turns 
per  centimetre  length,  instead  of  40  with  the  iron  core. 

We  have  only  to  consider  the  permeability  of  four  different 
materials,viz.,air,  and  all  so-called  non-magnetic  materials,  wrought- 
iron,  cast-iron,  and  steel.  (Nickel  and  cobalt  have  slightly  different 
values  to  air,  but  the  difierence  is  not  great,  and  as  they  are  not 
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used  to  any  extent  in  electrical  engineering,  we  will  leave  them 
out  of  account,  and  confine  our  attention  to  the  four  materials 
mendoned  above.) 

But  we  are  now  confronted  by  what  may  appear  at  first  sight 
to  be  a  difficulty.  We  find  we  cannot  state  definitely  the  magnetic 
reluctance  of  iron  or  steel,  for  it  varies  with  the  different  qualities 
of  these  materials,  and  also  with  the  degree  of  magnetisation. 
When  we  experiment  with  a  piece  of  iron  or  steel,  by  increasing 
the  m.m.f.  in  small  sUges,  measuring  the  intensity  of  the  field 
produced  at  each  stage,  we  find  that  the  one  is  not  at  all  in 
proportion  to  the  other,  as  it  was  without  the  iron.  For  a  little 
at  the  start,  when  the  m.m.f  is  very  small,  the  intensity  of  the 
field  is  nearly  proportional  to  the  m.m.f.,  but  at  a  certain  point  a 
slight  increase  in  the  m.m.f  causes  a  sudden  rise  in  the  magnetic 
induction,  which  continues  to  increase  altogether  out  of  proportion 
for  a  time,  but  as  we  go  on  proportionally  increasing  the  m.m.f. 
we  find  the  increase  in  the  intensity  of  the  field  produced  begins 
to  fall  off,  till  we  reach  a  point  where  it  again  appears  to  rise  in 
proportion  to  the  m.m.f.  With  good  iron  this  point  is  reached 
when  the  intensity  of  the  field  amounts  to  something  like  16,000 
lines  per  square  centimetre,  and  would  be  produced  by  a  mag- 
netising force  (or  magnetic  excitation  as  it  is  sometimes  called)  of 
47  ampere  turns  per  centimetre  length. 

The  iron,  at  this  degree  of  magnetisation,  apparently  multiplies 
the  intensity  of  the  field  372  times,  for  47  ampere  turns  per  centi- 
metre without  iron  would  produce  a  field  intensity  h  of  only 
58.75  lines  per  square  centimetre,  or  i  J  times  the  ampere  turns 
per  centimetre.  The  iron  is  said  to  be  saturated  at  this  stage, 
because  to  get  any  further  increase  in  the  intensity  of  the  field  we 
require  an  increase  in  the  m.m.f.  altogether  out  of  proportion  to 
that  required  up  to  this  point. 

Because  of  the  great  difference  in  the  intensity  of  the  field 
produced  by  a  given  number  of  ampere  turns  with  and  without 
iron  or  steel,  it  is  common  to  employ  another  symbol  to  represent 
the  intensity  in  iron,  reserving  h  for  the  intensity  of  the  field  in 
air  and  non-magnetic  materials.  The  symbol  employed  is  b, 
therefore  h  and  b  both  represent  the  intensity  of  the  field,  but 
the  one  tells  us  we  are  not  magnetising  iron  or  steel  and  the 
other  indicates  that  we  are  so  doing. 

We  have  already  said  that  /*  (the  permeability  of  the  iron 
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that  H  would  =  s8,  and  therefore /!=- =5-^  =  275,  o^  ^^  •">" 

multiplies  the  elfect  275  times,  so  that  to  produce  16,000  lines 
per  square  centimetre  in  this  iron  requires  only  the  same  number 
of  ampere  turns  that  would  be  required  to  produce  58  lines  per 
square  centimetre  in  air,  and,  as  we  have  already  seen,  this  will  be 
equal  to  J  of  58,  or  46.4  ampere  turns  per  centimetre  length. 

Remembering  that  h=  1,35  times  the  ampere  turns  per  centi- 
metre length,  and  therefore    the  ampere   turns   per  centimetre 

length  = or  -  of  h,  we  can  easily  calculate  the  number  of 

1.2s  5 
ampere  turns  necessary  to  give  any  or  all  the  values  of  h  in  this 
curve,  and  place  the  number  above  or  below  the  corresponding 
values  of  h  on  the  curve.  We  can  then  read  direct  the  number 
of  ampere  turns  required  per  centimetre  length  to  produce  any 
value  of  H  or  B,  and  ^  can  always  be  found  by  dividing  B  by  H. 
This  has  been  done  in  the  curve,  Fig.  ai. 

Let  us  now  take  a  few  problems  involving  the  use  of  this 
curve,  so  that  we  may  become  familiar  with  its  extreme  utility 
in  calculating  all  magnetic  problems.  It  must  be  remembered 
that  we  are  working  with  a  curve  that  represents  a  good  mean 
value  for  different  brands  of  iron  and  steel,  but  certain  qualities  of 
iron  may  come  much  below  the  values  here  taken,  and  unless  the 
makers  of  the  iron  you  propose  using  will  supply  and  guarantee  a 
certain  permeability  curve,  a  few  preliminary  measurements  should 
be  made  of  its  magnetic  properties. 

Q,  I.  A  coil  consisting  of  800  turns  of  copper  wire  is  wound 
evenly  from  end  to  end  of  a  wooden  rod  200  cm,  long  and 
10  sq.  cm.  in  cross  sectional  area.  If  a  current  of  2  amperes  is 
passed  through  the  coil — (1.)  What  is  the  intensity  of  the  field  at 
the  centre?  (2.)  What  is  the  total  number  of  lines  of  force? 
(3.)  What  alteration  would  be  made  in  (1)  and  (2)  if  the  wood 
be  replaced  by  iron  of  the  same  length  and  sectional  area?  (4.) 
What  is  the  permeability  of  the  iron  ? 

{ I.)  Amp.  turns  per  cm.  length  =  a  x  —  =  8. 

Hi  1.25  amp.  turns  per  cm.  length. 
Therefore  11=  1.25  x  8  =  10. 
(a.)  N  =  Hxsec  area=rox  10=100, 
(3.)  From  curve,  with  H  =  io,  B— 12500. 
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Therefore  n  with  the  iron  core  =  Bxsec.  area  =  i2soox  ro  — 
1 35000. 

(4.)  The  permeability  of  the  iron  at  this  degree  of  magnetisa- 

B     12500 
tion  =  ^  =     ■•'   ■■  =1250. 

H        10 

Q.  2.  A  rod  of  iron  5  sq.  cm.  cross  sectional  area  is  wound 

with  a  coil  of  wire  from  end  to  end.     There  are  900  turns  in 

the  coil,  and  the  rod  is  300  cm.  long.    What  current  must  be 

employed  so  as  to  produce  a  total  of  So,ooo  lines  at  the  centre  ? 

N  80000      , 

B= = =  16000. 

sec.  area        5 

From  the  curve  to  produce  B=  16000  requires  58  ampere  turns 
per  centimetre  length. 

Turns  per  cm.  length  =  ? —  ■»  3. 
300 

Therefore  current  required  =  5—=  19.3  amperes, 

Q.  3.  A  circular  ring  of  iron  has  an  outside  diameter  of 
30  cm,  and  an  inside  diameter  of  10  cm.,  and  is  wound  with 
300  turns  of  wire.  If  we  use  a  current  of  8  amperes  in  the  coil, 
what  will  be  the  total  lines  of  force  produced  in  the  iron,  and 
what  will  be  the  intensity  of  the  field? 

Here  we  have  to  find  (t)  the  cross  sectional  area  of  the  iron, 
and  (2)  the  mean  length  of  the  lines  of  force,  or  the  mean 
circumference  of  the  iron  ring. 

From  the  figures  given,  the  thickness  or  diameter  of  the  iron 
a  3°~'    o,  5  cm,,  and  the  sectional  area  =  Jrr* 
=  3.j4X2.5'=.i9.62sq.cm, 

The  mean  circumference  =  mean  diameterxir^as  X3.i4  = 
78.5  cm. 


Hs'i.as  times  20.38,  or  25.5.  Referring  now  to  curve  we  find 
with  H  ■=>  25.5,  B  =  t4soo. 

Therefore  the  intensity  of  the  field=  14500  lines  per  square 
centimetre. 

The  total  number  of  lines  =  BXsectional  area»i45oox  19.62 
V  284490. 
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Q.  4.  Find  the  current  necessary  to  produce  14,000  lines 
per  square  centimetre  in  a  ring  of  iron  the  outside  and  inside 
diameters  of  which  are  18  aiid  la  in.  respectively,  when  it  in 
wound  with  250  turns  of  insulated  wire. 

From  our  curve  we  find  that  to  produce  14,000  lines  per  square 
centimetre  in  the  iron  we  require  16  ampere  turns  per  centimetre 
length.  The  mean  circumference  of  the  ring  (and  therefore  the 
mean  length  of  the  hnes  of  force)  =  mean  diameterxir=  15  x 
2.S4X3.r4=.ii4.6cm. 

Therefore  the  turns  per  cm.  =  — L_  =a,io. 
1I4-6 
Therefore  amperes  x  2.19=  16. 

Therefore  amperes  = =  7.3. 

2.19 

These  examples  will  be  sufficient  to  show  the  student  that  it 
is  comparatively  easy  to  get  a  large  density  of  lines  in  iron  or 
steel.  If  cast-iron  is  used,  then  a  larger  m.m.f.  must  be  employed 
to  produce  any  required  density  of  field  as  shown  on  the  curve, 
Fig,  21.  The  method  of  calculating,  however,  is  the  same  in 
each  case,  providing  we  take  our  values  from  the  appropriate 
curve  for  the  material  we  are  using.  It  is  far  more  difficult  to 
produce  a  large  density  in  air  and  other  non-magnetic  materials- 
Thus,  in  the  last  example,  to  produce  14,000  lines  per  square  centi- 
metre in  air  instead  of  in  iron  would  require  J  of  14,000,  or 
It, 200  ampere  turns  for  each  centimetre  length.  The  turns  per 
centimetre  were  2.19,  and  therefore  the  current  necessary  would 

be =  5114  amperes,  which  is  a  practicable  impossibility, 

for  the  conductors  necessary  to  carry  so  large  a  current  would 
occupy  more  space  than  is  allowed  in  the  problem. 

It  is,  however,  necessary  in  many  cases  to  have  a  certain  large 
density  of  lines  in  a  given  air-space,  and  this  in  every  case 
requires  a  very  large  increase  in  the  m.m.f.  other  than  would  be 
required  if  we  could  work  entirely  in  iron.  Now  we  have  already 
seen  that  when  the  lines  of  force  leave  the  ends  of  the  coil  or  iron 
core  their  own  self-iepellent  action  makes  them  spread  out,  and 
so  the  density  of  the  lines  in  the  air-space  becomes  less  than  it 
was  in  the  iron.  In  Q.  3,  page  78,  we  considered  a  ring  of 
iron  in  which  we  produced  a  field  of  14,500  lines  per  square 
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centimetre,  with  a  magnetic  excitation  of  30,38  ampere  turns  per 
centimetre  length.  Suppose  we  cut  a  piece  out  of  this  ring,  as 
shown  in  Fig.  aa,  and  excite  it  as  before  with  20.38  ampere  turns 
per  centimetre,  we  shall  find  that  we  do  not  get  anything  like 
14,500  lines  per  square  centimetre,  for  we  have  introduced  into 
the  magnetic  circuit  a  large  increase  in  its  reluctance,  and  to  still 
maintain  the  same  density  as  formerly  the  m.m.f.  would  have  to 
be  increased  I'ery  considerably. 

Let  us  place  this  ring  of  iron  under  a  sheet  of  cardboard  and 
sprinkle  iron  filings  over  it.  On  passing  a  current  through  the 
coil  and  tapping  the  cardboard  we  find  the  filings  arrange  them- 
selves between  the  iron  faces,  as  shown  in  Fig.  23.     Here  the 


lines  spread  out  a  good  deal  after  leaving  the  iron,  only  a  com- 
paratively small  number  taking  the  straight  path  across,  and 
consequently  the  density  of  the  lines  in  this  air-gap  must  be 
considerably  less  than  the  density  in  the  iron. 

Let  us  now  imagine  that  the  piece  of  iron  has  been  cut 
out  with  a  saw  \  cm.  in  thickness;  then  when  the  iron  is 
replaced  in  the  centre  of  the  air-gap  there  will  still  remain  at 
either  side  of  it  an  air-gap  equal  to  the  width  of  the  saw,  as 
shown  in  Fig.  34,  which  also  shows  the  field  we  should  see  mapped 
out  by  the  iron  filings  if  we  tried  the  experiment.  It  will  be 
noticed  that  a  fairly  large  number  of  the  lines  of  force  pass 
through  the  piece  of  iron,  which  we  will  call  the  arDnature,  some 
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by  a  straight  path  rrom  face  to  face,  and  oihers  by  a  curved  path, 
forming  as  it  were  a  fringe  to  the  iron  (aces.  But  kII  the  lines 
do  not  go  through  the  armature,  for  a  number,  though  curving, 


'•'MkzrM)': 


Fie-  a4- 


as  if  trying  to  get  into  it,  are  as  it  were  crowded  out.  If  our 
object  be,  as  it  often  is,  to  produce  a  certain  number  of  lines  of 
force  in  the  armature,  all  those  that  do  not  enter  it  may  be  con- 
sidered  as    waste   lines   of  force,  and  to  provide  our   required 


,i.:,C00c^lc 


Si  electrical  ENGINEERING. 

number  in  the  armature  we  must  make  provision  for  these  waste 
lines.  The  number  of  lines  entering  the  armature  depends  on 
the  distance  between  the  iron  faces  or  the  length  of  the  air-gap, 
and  also  on  the  sectional  area  of  the  iron  in  the  armature  and  the 
fringe.  In  the  case  of  dynamo  armatures  it  is  usual  to  allow  for 
20  to  35  per  cent  waste  lines. 

We  have  now  to  consider  what  magnetic  excitation  wiU  be 
required  to  get  a  given  number  of  lines  of  force  through  such  an 
armature.  Let  us  take  a  specific  case.  The  ring  of  iron  in  Q.  3, 
page  78,  has  a  mean  circumference  of  78. 5  cm.  and  a  sectional 
area  of  19,6a  sq.  cm.  Suppose  we  cut  out  a  length  of  10  cm. 
with  a  saw  of  .5  cm.  thickness,  the  air-gaps  will  then  be  ,5  cm. 
each.  Further,  suppose  we  wish  for  a  total  of  300,000  lines 
in  the  armature,  the  question  now  before  us  is,  how  many  ampere 
turns  must  be  provided  on  the  field  magnet  to  produce  the  re- 
quired number  of  lines  of  force  in  the  armature  ? 

The  method  to  be  employed  when  we  are  dealing  with  the 
iron  parts  is  simple,  and  has  fdready  been  explained  in  full. 

I.    In    the   armature,    b  -■  — -—  =  practically 

sec  area        19.6a  ■* 

lozoo.     Referring  to  our  curve  we  find  that  to  produce  a  field 

B  =  loioD  in  iron,  we  require  5  ampere  turns  per  centimetre 

length.    There  are   10  cm.   length  in  the  armature,  therefore 

10  X  5  ==  50  ampere  turns  are  required  for  this  part  of  the  m^netic 

circuit. 

3.  In  the  field  magnet,  we  have  to  provide  for  35  per  cent 

more  lines  than  in  the  armature  to  allow  for  the  waste  field. 

Therefore   total    lines    in    the    field    magnet  «  350000,    and 

B  = ^ —  =  355^=12740,  and  from  our  curve  we  find  the 

sec.  area      19.62 
ampere  turns  required  for  the  field  magnet  =  9  per  centimetre 
length. 

The  length  of  the  field  magnet  =  78.5  - 11  (the  length  rf  the 
armature  and  air-gaps)  =  67.5  cm.  Therefore  total  ampere  turns 
required  for  the  field  magnet  =  67.s  x  9  =  607.5. 

The  only  point  now  remaining  is  ampere-tums  for  the  air-gaps. 
I'he  total  number  of  lines  passing  through  these  must  necessarily 
be  equal  to  the  number  in  the  armature,  for  the  lines  of  force 
must  pass  from  the  field  magnet  through  these  air-gaps  before  they 
can  pass  through  the  armature.     £ut  in  so  doing  they  spread  out. 
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forming  a  fringe;  the  amount  of  spreading  depending  on  the 
length  of  the  air^p,  and  consequently  the  density  of  the  lines  in 
the  air-gaps  will  be  less  than  in  the  armature. 

From  researches  that  have  been  made  on  this  point  it  has 
been  found  that  if  ve  increase  the  sectional  area  of  the  iron  faces 
by  adding  to  them  .8  time  the  length  of  the  air-gap  all  round, 
we  get  very  nearly  the  proper  sectional  area  of  the  air-gaps  through 
which  the  lines  of  force  will  pass 
on  leaving  the  field  magnet  and      1  j 

entering  the  armature.    The  lines      |*  **  \ 

of  force   that  pass   outside  this      '  ' 

enlarged  sectional  area  will  not 
enter  the  armature,  and  are  there- 
fore counted  as  waste  lines. 

Now  our  air-gaps  are  ,5  cm. 
long,  and  .8  time  .5  =  .  4  cm.,  so 
we  must  increase  the  sectional 
area  of  the  iron  face  by  adding  Fig.  15. 

,4  cm.   to  the  iron  all    round. 

Thus  if  the  shaded  part  of  Fig.  25  represents  the  sectional  area 
of  the  iron  face,  then  the  outer  circle  represents  the  sectional  area 
of  the  air-gap.  Our  sectional  area  for  the  air-gap  is  therefore 
equal  toxr*  =  3.i4x  2.9^=26.32  sq.  cm. 

3.  tn  ike  air-gap,  the  density  of  the  lines  or  h» 

sec.  area 

=  — =7600,  and  we  have  already  seen   that   the  ampere 

turns  per  centimetre  length  in  air  =  J  of  h.     Therefore  the  ampere 
turns  necessary  per  centimetre  length  in  our  air-gaps—  J  of  7600 
=  5o8o ;  the  length  of  the  air-gaps  being  i  cm. 
Summing  up,  we  have — 

Ampere  turns  required  for  armature        =      50 
„  „  field  magnet  =  607 

„  „  air  gaps        =  6080 

Total  ampere  turns  required  =  6737 
If  we  propose  to  use  a  current  of  say  3  amperes,  then  the 
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Fig.  36  gives  a  dimensional  sketch  of  the  field  magnet  and 
armature  of  S  well-designed  shunt  wound  dynamo.  Total  lines 
through  the  armature=  10500000.  Magnetising  current,  6  am- 
peres. What  number  of  turns  of  wire  are  requited  on  the  field 
magnet  limbs  so  as  to  produce  the  given  number  of  lines  through 
the  armature!*  N  in  6eld  magnet  =  n  in  armature  x  1.33. 
From  the  figures  given  we  find — 

Sectional  area  of  iron  in  field  magnet  limbs  =    980  sq.  cm. 
„  „  armature  =  810      „ 

„  „  yoke  '=\\tf>       „ 

„  „  pole  piece  ='5^3      » 


The  yoke  is  the  piece  of  iron  on  the  top  joining  or  yoking  to- 
gether the  two  field  magnet  limbs.  The  pole  pieces  are  the  larger 
curved  pieces  at  the  lower  end  of  the  limbs,  usually  made  in  one 
piece  with  them,  and  are  bored  out  to  embrace  the  armature. 
The  ditfeience  between  the  diameter  of  the  bore  and  (he  diameter 
of  the  armature  gives  the  length  of  the  two  air-gaps,  which  in  our 
case  is  equal  to  2.1  cm. 

Also  from  the  dimensions  given  we  get— Length  of  lines  in 
field  magnet  limbs,  yoke  and  pole  pieces  — approximately  181  cm., 
or  91  in  the  two  field  magnet  limbs,  50  in  the  yoke,  and  40  in 
the  two  pole  pieces. 

In  the  armature  we  have  to  estimate  the  length  of  a  mean  line. 
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Fig.  27  shovs  eight  mean  lines  through  the  armature.  Evidently 
the  mean  length  will  be  something  less  than  the  diameter  of  the 
armature,  say  20  cm.  The 
length  of  each  air-gap=i.o5 
cm. 

We  can  now  calculate  the 
density  of  the  lines  in  each 
part,  and  find  from  our  curve 
the  necessary  ampere  turns 
per  centimetre  length  for  each. 
The  only  dimension  not  yet 
settled  is  the  area  of  the  air- 
gap.  We  see  from  the  figure 
that  the  curved  surfaces  of  the 
field  magnet  form  part  of  the 
circumference    of  a   circle   of 

27.5  cm.  diameter.  The  circumference  of  such  a  circle  =  2>rr=' 
ax  3.14  X  13.75  =  87.35  cm.  There  are  360*  in  a  complete  circle, 
and  our  pole  pieces  subtend  an  angle  of  129°,  therefore  the  length 
of  the  curved  surface  =  3jJ  of  87.35  c"i-  =  3i-3  cm.  The  breadth 
of  this  curved  surface  is  the  same  as  the  breadth  of  the  pole  piece, 
viz.,  48.3  cm.,  and  if  we  multiply  these  together  we  get  the  area  of 
the  curved  surface.  But  we  have  seen  that  the  lines  spread  out 
in  the  air,  and  to  get  the  proper  sectional  area  through  which  lines 
of  force  will  pass  from  pole  piece  to  armature  we  have  to  add  .8 
time  the  length  of  the  air-gap  all  round  the  area  of  the  pole  piece. 

Therefore  the  sectional  area  of  the  air-gap 

=  32.98  X  49.98  =  1648  sq.  cm. 

Density  of  lines  in  the  armature  =  '°^i'°°°°  =  12963, 
or  say  130D0. 

Density  of  lines  in  the  field  magnet  limbs  =  — 5?°-'^  "-'3^ 


Density  of  lines  in  the  yoke  =  — - — 
Density  of  lines  in  the  pole  |)ieces  = 


Density  of  lines  in  the  air-gaps  =^°'°°°°=  6377. 
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From  our  curve,  with  wroughl-iron,  we  find — 
Ampere  turns  per  centimetre  for  field  magnet  limbs^  17 
„  „  „  armature  =  10 

I)  ..  II  yoke  -  8 

„  I,  „  pole  pieces  =  3 

.1  II  II  air-gaps  =  J  of  6377  =  5101 

Ampere  turns  for  field  magnet  limbs  =  17  x  91  ^    1547 
„  I,        annnture  —10x20=      300 

II  I,        yoke  =   8x50  =      400 

II  „        pole  pieces  =3x40=      120 

„  „        air-gaps  -5191x2.1=10712 

Total  ampere  turns  required  =  12979 

Therefore  if  the  magnetising  current  be  6  amperes,  the  total 
number  of  turns  of  wire  to  be  put  on  to  the  field  magnet  limbs  <= 

"^'^  =  2163  turns.    This  of  course  is  calculated  on  the  values 

given  by  our  curve,  and  therefore  shows  the  result  we  would  get 
with  one  particular  quality  of  iron.  If  we  used  magnetically 
inferior  iron,  the  number  of  turns  necessary  would  be  greater. 
These  turns  should  be  wound  in  two  coils,  one  placed  on  each 
limb. 

In  continuous  current  dynamos  and  many  other  pieces  of 
electrical  apparatus  the  iron  is  magnetised  up  to  a  certain  density, 
and  every  time  the  current  is  raised  to  its  prearranged  value  we 
get  the  same  number  of  lines  of  force  in  the  iron.  How  to  get 
any  desired  density  has  just  been  shown,  and  the  student  is  recom- 
mended to  work  through  several  problems  similar  to  those  given, 
so  that  he  may  become  familiar  with  the  method  of  working,  for  it 
is  of  the  utmost  importance  in  electrical  engineering. 

But  in  many  cases  we  find  the  iron  is  being  magnetised  first  in 
one  direction  and  then  in  the  opposite  direction  continuously,  and 
often  at  a  very  rapid  rate,  the  current  employed  being  a  rapidly 
reversing  or  alternating  one. 

We  have  already  seen  that,  starting  with  a  new  piece  of  good  iron, 
we  can  easily  magnetise  it  up  to  14,000  or  15,000  lines  per  square 
centimetre,  and  by  doing  so  in  small  steps,  measuring  with  each 
alteration  in  the  ni.m.f.  the  density  produced  in  the  iron,  we  can 
plot  out  the  result  in  the  form  of  a  curve,  as  shown  in  Fig.  31. 


i^iCooc^lc 


THE  MAGNETISATION  OF  IRON  87 

If  when  we  reach  a  value  of  b  =  14000,  we  decrease  the  m.m.f. 
in  small  stages  back  to  nero,  measuring  the  density  at  each 
step  as  before,  we  find  that  the  magnetisation  does  not  fall  as 
rapidly  as  it  rose,  and  when  we  have  reduced  the  m.m.f.  to  zero  we 
still  have  a  field  of  7,500  lines  per  square  centimeire  in  the  iron. 

Let  us  now  reverse  the  current,  and  again  in  small  steps  apply 
the  reverse  m.m.f.  We  find  that  for  a  certain  time  we  are  not 
magnetising  but  demagnetising  the  iron,  and  at  a  time  when  the 


Fig.  28. 

m.m.f.  or  u  =  2  we  have  no  magnetisation  at  all.  That  is  to  say, 
we  have  had  to  expend  a  certain  amount  of  power  to  demagnetise 
the  iron.  If  we  continue  increasing  the  reversed  m.m.f.  we  find 
B  rapidly  rising  in  the  opjiosite  direction  till  it  again  reaches 
14,000  lines  per  square  centimetre,  and  on  again  decreasing  the 
m.m.f.  to  zero  we  get  7,500  lines  per  square  ceniimetre  kft  in  the 
iron  in  the  opposite  direction.  Finally,  by  again  reversing  the 
current,  making  it  similar  in  direction  to  what  it  was  in  the  first 
case,  we  reduce  b  to  zero,  and  then  rapidly  increase  it  again  in 
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the  first  direclion  to  the  original  maximum  value  where  it  appears 
to  close  the  loop. 

AH  this  is  shown  in  the  curve,  Kig.  a8,  the  arrow  heads  showing 
the  nse  and  fall  in  the  magnetisation  from  o  through  one  com- 
plete cycle.  The  figure  en- 
closes a  certain  space  the  area 
of  which  is  a  measure  of  the 
power  we  have  to  expend  for 
each  cubic  centimetre  of  the 
iron  in  magnetising  it  first  in 
one  direction,  then  reversing 
and  magnetising  intheopposite 
direction,  and  again  reversing 
and  magnetising  in  the  ori- 
ginal direction,  or  as  it  is 
called,  in  taking  the  iron 
through  a  complete  cycle  of 
magnetisation,  and  every  time 
we  repeat  the  cycle  we  must 
expend  this  amount  of  energy 
for  every  cubic  centimetre  of 
the  iron  in  so  doing. 
The  magnetisation  produced  at  any  part  of  the  cycle,  except 
at  the  extreme  ends,  lags  behind  the  m.m.f.,  and  because  of  this 
the  curve  is  known  as  a  hysteresis  (or  lagging)  curve. 

If  we  reverse  the  current  repeatedly  in  this  way  the  magnetisa- 
tion will  trace  out  this  closed  curve  at  each  cycle,  and  the  original 
curve  starting  from  o  will  never  again  be  repeated.  From  this  it 
follows  that  when  we  magnetise  the  iron  spoken  of  previously  up 
to  Eay  16,000  lines  per  square  centimetre,  we  do  not  lose  all  the 
magnetisation  when  we  stop  the  current ;  a  fairly  large  amount, 
say  8,000  lines  per  square  centimetre,  or  half  the  total  amount,  will 
remain,  and  when  we  start  the  current  again  the  first  part  of  the 
rise  to  16,000  wilt  not  be  according  to  the  curve  given  in  Fig.  ar, 
but  by  that  shown  dotted  in  Fig.  ag.  We,  however,  arrive  at 
16,000  lines  per  square  centimetre  each  time  we  provide  the 
required  number  of  ampere  turns,  but  for  any  intermediate  value 
of  the  magnetisation  the  value  we  get  depends  on  whether  we  are 
increasing  or  decreasing  the  m.m.f.  If  we  are  starting  from  o  and 
increasing  the  m.m.f.,  b  will  slowly  rise  (according  to  the  specimen 
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of  iron  used)  on  the  dotted  part  of  the  curve,  Fig.  19,  while  when 
we  decrease  it  will  fall  on  the  upper  part  of  the  curve,  so  that  even 
though  we  do  not  reverse  the  current  we  get  different  values  for 
B  according  to  whether  we  have  been  increasing  or  decreasing  the 
m.m.f.  The  difference,  however,  gets  less  the  higher  b  becomes. 
The  power  spent  in  magnetising  and  demagnetising  the  iron 
which  is  measured  by  the  area  enclosed  by  the  curved  lines, 
and  which  will  vary  with  the  different  qualities  of  iron,  is  of  very 
great  importance  when  the  magnetisation  is  reversed  continuously 


Fig- 30- 

and  rapidly,  and  any  small  diminution  in  the  power  absorbed 
may  lead  to  a  large  saving  in  the  year's  working.  Now  the  area 
of  the  figure  depends  on  the  degree  to  which  we  magnetise  the 
iron,  and  consequently  the  smaller  we  make  b,  the  smaller  will  be 
the  loss  of  power  in  rapidly  reversing  the  magnetisalion. 

But  if  the  area  enclosed  was  simply  proportional  to  b,  we  should 
get  no  saving  of  power  in  working  at  a  lower  density,  for  should 
we  require  a  certain  number  of  lines,  the  smaller  we  make  B  the 
more  iron  we  require.     Thus,  suppose  we  decide  to  work  to  a 
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density  of  5,000  lines  per  square  centimetre,  then  to  carry  a  given 
number  of  lines  we  should  require  three  times  as  much  iron  as 
we  should  if  working  at  15,000  lines  per  square  centimetre,  conse- 
quently if  the  area  enclosed  when  B  =  5000  were  just  one-third  of 
the  area  enclosed  when  b  =  1 5000,  we  should  get  no  saving  in  power, 
for  though  the  loss  per  cubic  centimetre  is  only  one-third,  we  have 
now  got  three  times  the  amount  of  iron,  and  therefOTe  the  loss 
would  remain  as  before.  If,  however,  we  examine  the  areas  of 
these  figures,  we  find  that  «.i  5,000  lines  per  square  centimetre 
the  area  enclosed  is  less  than  one-third  of  that  enclosed  when  b  = 
15000.  When  carefully  measured  it  is  found  that  the  loss  per 
cubic  centimetre  is  proportional  to  the  1.6  power  of  b  (see  Fig.  30). 
As  there  is  no  possibility  of  consuming  energy,  all  we  do  in 
every  case  is  to  transform  it  from  one  form  to  another.  Where 
then  does  the  energy  that  we  expend  in  magnetising  and  de- 
magnetising the  iron  go?  It  goes  to  warm  the  iron,  and  if  we 
work  with  a  high  value  of  b,  the  heat  developed  in  the  iron 
may  become  dangerously  large,  so  that  the  insulation  round  the 
copper  wires  may  be  burnt  and  the  whole  apparatus  destroyed. 
This  in  itself  prevents  us  from  using  a  high  density  when  we  are 
rapidly  and  continuously  reversing  the  magnetisation.  If  we  use 
a  lower  density,  we  not  only  have  a  saving  in  the  enei^  spent, 
but  also  this  smaller  amount  of  energy  being  put  into  a  lai^er 
volume  of  iron  does  not  raise  its  temperature  to  anything  like  so 
high  a  degree  as  before.  We  therefore  find  in  practice  that  with 
rapidly  reversing  or  alternating  currents  the  density  of  the  lines 
employed'  in  iron  averages  about  4,000  or  5,000  per  square 
centimetre  instead  of  14,000  ot  15,000  with  steady  or  continuous 
currents. 
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CHAPTER  VII. 

ELECTRO-CHEMISTR  Y—PRIMAR  Y  BATTERIES. 

We  have  studied  two  effects  produced  by  an  electric  current — 
first,  a  heating  efTect ;  and  secondly,  a  magnetic  effect.  But  an 
electric  current  pnHluces  also  a  third  effect,  which  manifests  itself 
only  when  it  is  passed  through  a  liquid.  Almost  all  liquids  that 
we  have  to  deal  with  are  compounds  of  tno  or  more  elements. 
For  instance,  water  is  composed  of  two  gases,  hydrogen  and 
oxygen,  in  the  proportion  of  a  volumes  of  hydrogen  to  i  volume 
of  oxygen.  This  is  often  written  in  the  form  of  symbols,  H,0. 
Sulphuric  acid  is  composed  of  hydrogen,  oxygen,  and  sulphur,  in 
the  proportion  of  a  atoms  hydrc^en,  4  atoms  oxygen,  and  i  atom 
sulphur,  and  is  commonly  written  H1SO4.  Again,  copper  sul- 
phate is  composed  of  1  atom  copper,  i  atom  sulphur,  and  4  atoms 
oxygen,  and  is  written  CuSO«  and  we  can  represent  all  the  solu- 
tions we  have  to  deal  with  in  this  way. 

Now  when  an  electric  current  is  passed  through  these  solu- 
tions, they  split  up  into  parts,  one  part  being  liberated  at  the 
point  where  the  current  enters,  and  the  other  part  where  it  leaves 
the  liquid,  ir,  for  instance,  we  pass  a  current  through  water,  we 
find  oxygen  gas  being  liberated  where  the  current  enters  the  water, 
and  hydrogen  gas  where  it  leaves.  The  conductors  that  lead  the 
current  into  and  out  of  the  liquid  have  been  called  the  electrodes 
(or  electricity  doors).  The  leading-in  electrode  is  called  the 
anode  (or  entering  door),  and  the  leading-out  one  the  cathode 
(or  exit).  Therefore  we  say  oxygen  is  liberated  at  the  anode,  and 
hydrogen  at  the  cathode.  If  the  solution  contains  a  meUl  it  is 
always  liberated  at  the  cathode. 

Let  us  take  three  vessels  of  glass  or  porcelain,  each  containing  a 
soludon  of  copper  sulphate  (CuSOi),  using  clean,  carefully  weighed 
copper  plates  as  electrodes  in  each,  and  connect  them  as  shown 
in  Fig.  31.  If  a  current  be  passed  through  the  circuit  we  shall 
find  after  a  certain  time  that  the  cathodes  have  all  bad  copper 
deposited  on  them,  and  have  consequently  increased  in  weight, 
while  the  three  anodes  have  diminished  in  weight  to  an  equal 
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extent.  Not  only  this,  but  the  cathodes  in  a  and  b  taken  t<^ether 
have  increased  in  weight  by  exactly  the  same  amount  as  the 
cathode  in  c,  while  the  two  anodes  in  a  and  b  have  together 
lost  in  weight  by  exactly  the  same  amount  as  that  in  c.  But  we 
remember  that,  in  this  divided  circuit,  the  currents  in  the  two 
branches  a  and  li  are  together  equal  to  the  current  in  c,  and  the 
current  in  all  parts  must  have  been  flowing  for  the  same  length  of 
time,  therefore  the  amount  of  decomposition  produced  at  different 
parts  of  a  circuit  is  seen  to  be  proportional  to  the  quantity  of 
electricity  that  passes  through  that  part  of  the  circuit,  or  to  the 
current  multiplied  by  the  time  in  seconds,  for  we  saw  in  Chapter  I. 
that  the  current  is  the  rate  of  flow,  or  the  quantity  of  electricity 


Fig.  3r. 

passing  round  the  circuit  in  unit  time  (i  second).  This  could 
therefore  be  used  as  a  method  for  comparing  different  quantities  of 
electricity,  and  if  we  at  the  same  time  note  the  number  of  seconds 
that  have  elapsed  from  the  moment  we  start  the  experiment  to 
the  time  of  switching  off,  we  can  very  easily  and  very  accurately 
determine  the  strength  of  the  current  that  has  been  flowing. 

Let  us  now  take  a  number  of  vessels,  one  containing  water, 
having  platinum  electrodes  with  long  tubes  filled  with  water 
arranged  over  them  so  as  to  collect  the  gases,  oxygen  and  hydrogen, 
and  join  this  in  series  with  another  containing  copper  sulphate 
with  weighed  copper  plates  as  electrodes,  and  this  again  in  series 
with  a  vessel  containing  silver  nitrate  with  weighed  silver  electrodes, 
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and  this  in  series  with  one  containing  zinc  sulphate  with  zinc 
electrodes,  and  still  anothcT  containing  gold  cyanide  with  gold 
electrodes,  and  pass  a  current  of  say  i  ampere  for  5  minutes 
through  the  series,  we  shall  find  at  the  end  of  the  experiment  that 
we  have  produced  a  certain  amount  of  decomposition  in  each  of 
the  vessels.  On  weighing  the  amount  of  hydrogen  liberated  we  shall 
find  .0031 14  gram.  Now  the  quantity  of  electricity  that  produced 
this  amount  of  decomposition  was  300  coulombs,  for  i  coulomb 
passes  through  every  second  when  the  current  has  unit  strength, 
and  therefore  in  5  minutes  300  coulombs  will  have  passed,  there- 
fore 1  coulomb  would  have  liberated  :331il*™. 00001038  gram  of 
hydrogen.  In  the  copper  sulphate  vessel -the  cathode  will  have 
increased  in  weight  by  .09813  gram,  therefore  1  coulomb  liberates 

'^ — 3  =  . 000317  gram  of  copper.     In  the  silver  nitrate  solution 

300 
the  silver  cathode  will  have  increased  in  weight  by  .3354  gram, 

and  therefore  i  coulomb  liberates  :M5i  =  . 001 18  gram  of  silver. 

300 
In  the  same  way  i  coulomb  is  found  to  liberate  .000337  gram  of 
zinc  and  .000679  gram  of  gold. 

We  see  that  there  is  a  great  difference  in  the  weight  of  each 
of  these  substances  liberated  by  the  same  quantity  of  electricity. 
Now  the  elements  have  what  is  known  as  atomic  weights,  or  com- 
bining weights,  so  that  when  any  of  them  combine  together  they 
do  so  in  these  proportions.  The  combining  weights  of  all  the 
elements  are  very  well  known,  and  are  given  in  text-books  on 
chemistry.  But  there  is  another  property  attaching  to  the 
elements,  known  as  their  valency.  When  we  compare  the  com- 
pounds formed  with  certain  elements — hydrc^en  and  chlorine,  for 
instance — we  find  i  atom  of  hydrogen  (atomic  weight— 1)  com- 
bines with  I  atom  of  chlorine  (atomic  weight  =  35.37)  and  forms 
I  molecule  of  hydrochloric  acid,  and  these  two  elements  always 
combine  in  this  proportion ;  thus  i  lb.  of  hydrogen  combines  with 
35.37  lbs.  of  chlorine  and  forms  36.37  lbs.  of  hydrochloric  acid 
(HCl).  But  if  we  take  hydrogen  and  oxygen,  we  find  i  atom  of 
ox^en  combines  with  z  atoms  of  hydrogen  to  form  a  molecule  of 
water  J  thus  16  lbs.  of  oxygen  (atomic  weight  =16)  combines  with 
3  lbs.  of  hydrogen  (atomic  weight=  i)  to  form  18  lbs,  of  water. 
We  say  oxygen  is  a  divalent  element,  for  it  requires  3  atoms  of 
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hydrogen  to  as  it  were  saturate  it.  Similarly  with  ammonia  we 
have  I  atom  of  nitrogen  combining  with  3  atoms  of  hydrogen  to 
form  a  molecule  of  ammonia,  consequently  nitrogen  is  called  a 
trivalent  element,  and  it  is  evident  that  all  the  elements  can  be 
divided  up  into  groups,  monovalent,  divalent,  trivalent,  &c.  Of 
the  number  of  substances  we  have  spoken  of  above,  the  first  two, 
viz.,  hydrc^en  and  silver,  are  monovalent,  while  zinc  and  copper 
are  divalent  and  gold  trivalent,  and  if  we  examine  the  quantity  of 
each  liberated  by  i  coulomb,  we  find  (hat  the  weights  of  the  first 
two  substances  are  in  proportion  to  their  combining  weights,  for 
these  are  in  proportion  of  i :  107,66.  If  therefore  we  take  the 
amount  by  weight  of  hydrogen  liberated  as  unity,  we  see  we  have 
107.66  times  the  weight  of  silver  liberated  by  i  coulomb.  When 
we  come  to  the  zinc,  copper,  and  gold,  we  find  we  have  3a.4S 
times  as  much  zinc,  31,5  times  as  much  copper,  and  65.4  times  as 
much  gold  by  weight,  while  the  atomic  weight  of  iinc  =  64.9,  copper 
»  63,  and  gold  =196.3.  But  zinc  and  copper  are  divalent  elements 
and  gold  is  a  trivalent  element,  and  so  we  only  get  an  amount 
equal  to  the  combining  weight  divided  by  the  valency,  which  for 
zinc  =  -^  =  32.45  times  the  weight  of  hydrogen,  for  copper  —  -? 

=  3r.s,  and  for  gold  =  -^-^  =65.4  times  the  weight  of  hydrogen, 

because  i  atom  of  zinc  is  equivalent  to  a  atoms  of  hydrogen,  and 
I  atom  of  gold  to  3  atoms  of  hydrogen  as  far  as  their  electrical 
decomposition  is  concerned,  and  if  a  certain  quantity  of  electricity 
were  capable  of  liberating  a  certain  quantity  of  hydrogen,  it  could 
only  liberate  half  the  equivalent  combining  weight  of  zinc  or 
copper  and  one-third  that  of  gold,  but  this  quantity  of  zinc  is 
32.45  times  as  heavy  as  the  equivalent  amount  of  hydrogen,  and 
the  gold  is  65.4  times  as  heavy. 

The  following  table  gives  for  a  number  of  elements  their 
atomic  or  combining  weights,  valency,  and  chemical  equivalents 
where  hydrogen  is  taken  as  unity.  These  are  followed  by  the 
electro -chemical  equivalent  where  the  amount  of  hydrogen  liberated 
by  I  coulomb  is  taken  as  unity,  the  values  for  the  other  elements 
being  this  number  multiplied  by  the  chemical  equivalent,  and 
indicates  the  weight  in  grams  of  each  of  the  elements  liberated 
by  I  coulomb.  The  other  columns  give  values  for  practical  use 
that  often  save  time  in  calculating. 


i^iCooc^lc 


ELECTRO'CHEMISTR  Y. 


m 
-f 


?issift?ffJ!?«as3;JX 


i 


-  ^  Q'^N  O    O  W  ^H.  L?il^iA^r^ 


Ss?Sa 


J. 
IP 


16  d  S  S>OiT.«  0.{^^-10l■*p- 


_^  O        00  d  S  S  O  O- »  *00  ID  to  W  "1  M  O.S0  iCf->S'S>0 


.:''ii'a'f  .'ill 

I    1i||t|Mi!siil!llliil 

U,g,t,.,.d.i.COOC^Ic 


96  ELECTRICAL  ENGINEERING. 

It  will  be  noticed  that  certain  elements  may  have  diflerent 
valencies  in  different  compounds,  and  it  is  therefore  necessary 
to  know  the  nature  of  the  compound  containing  the  element  we 
wish  to  deposit 

Q.  I.  Inacopperrefinery,  what  weight  of  copper  will  be  refined 
in  a  single  vat  by  a  current  of  200  amperes  in  a  day  of  10  hours? 

The  number  of  coulombs  passed  through  the  vat  =300x10 
X  3600—7300000,  and  I  coulomb  liberates  .000327  gram  of 
copper,  from  copper  sulphate  (cupric). 

Therefore  7300000  x  .000327  =  2354-4  grams  will  be  reRned. 

There  are  453  grams  in  i  lb. 

Therefore  ?354:^e=5. 19  lbs.  of  copper  are  refined. 

453 
Q.  2.  How  much  caustic  soda  is  produced  per  ampere  hour, 
and  how  much  lead,  silver,  and  mercury  (from  mercurous  nitrate) 
would  be  deposited  per  ampere  hour?  One  coulomb  evolves  say 
.0104  milligram  of  hydrogen,  and  the  atomic  weights  of  sodium, 
lead,  silver,  and  mercury  are  respectively  33,  307,  ro8,  and  200. 
(C.  and  G.  Examination  in  Electric  Light  and  Power,  1899,) 

All  these  substances  are  monovalent  except  lead,  which  is  a 
divalent  element.     Therefore — 

Chemical  equivalent  of  sodium  —  23 

n  n         '^<^         ^l°3-5 

„  „        silver      =108 

„  „        mercury  =  300 

Electro-chemical  equivalent  of  sodium  ■■      33  x  .0104  mgm. 
„  „  „  lead        =  103.5  X. 0104    .. 

„  „  „         silver      —     108 x. 0104    „ 

„  „  „  mercury=     300X.0104    „ 

If  I  ampere  be  maintained  for  1  hour,  then  3,600  coulombs  will 
have  passed  round  the  circuit,  therefore  in  i  ampere  hour  we  have — 
33  X. 0104x3600  =  861.1  mgm.  =  .86(1  gm.  of  sodium 
103.5  ><  ■o'04  X  36oo«  387s       „     =  3.87s       „      lead 
To8x. 0104x3600  =  4043.5  „    "=4.043      „      silver 
200  X  .0104  X  3600  =  7488     „    =  7.488      „      mercury 
The  .86ri   gram   of  sodium   will  combine   with  water   to 
form  caustic  soda  (NaOH),  and  the  atomic  or  combining  weights 
of  Na,  O,  and  H  are  23,  16,  and  i  respectively.    That  is  to  say. 
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33  grams  of  sodium  will  combine  with  16  grams  of  oxygen  and 
I  gram  of  hydrogen  to  form  40  grams  of  NaOH. 
Therefore  .8611  gram  of  sodium  will  form — 


40x.86n 
23 


1.497  grams  of  NaOH. 


In  all  such  cases  of  electrolysis  we  cannot  gay  what  current 
will  flow  through  the  circuit  by  simply  considering  the  e.m.f,  and 
the  resistance,  for  when  a  liquid  is  decomposed  the  two  parts 
into  which  it  is  separated  (called  the  ions)  appearing  at  the 
electrodes  give  rise  to  an  e.mf  which  is  in  opposition  to  that 
which  produced  the    decomposition.     The  current  that  flows 

through  such  a  circuit  = ,  where  E  is  the  e.m.f  of  the  dynamo, 


■■^    r 


Kg-  3*- 

e  the  back  e.m.f  of  the  electrolytic  cell,  and  R  the  total  resistance 
of  the  circuit.  But  we  have  still  another  difficulty.  The  re- 
sistance of  a  liquid  is  not  easy  to  determine  on  account  of  this 
back  e,m.f  put  into  the  circuit  by  the  decomposition  of  the 
liquid.  Several  methods  have  been  tried,  but  the  considerations 
of  these  we  must  leave  for  a  subsequent  course  of  study. 

From  the  above  statement  regarding  the  back  e.m.f  produced 
it  would  seem  that,  if  we  place  certain  materials  in  certain  liquids, 
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they  would  give  rise  to  an  cm.f,  of  themselves,  and  such  is  the 
case,  forming  what  are  known  as  primary  batteries.  If,  for  in- 
stance, we  place  a  piece  of  zinc  and  a  piece  of  copper  in  dilute 
sulphuric  acid  (Fig.  32),  we  produce  an  e.m.f  between  the  zinc 
and  copper,  and  consequently  if  we  complete  a  circuit  between 
them  a  current  will  flow  round  the  circuit,  that  is  to  say,  a  certain 
amount  of  electrical  energy  will  be  expended,  the  energy  being 
provided  by  the  zinc,  which  dissolves  in  the  acid. 

The  current  that  flows  must  necessarily  traverse  the  liquid, 
and  consequently  the  liquid  will  be  decomposed  into  two  parts, 
which  will  appear  one  at  the  copper  and  the  other  at  the  zinc. 


Fig-  33. 

Sulphuric  acid  being  the  liquid  employed  in  the  above  case,  it 
will  split  up  into  Hj  and  SO^,  the  Hj  being  liberated  where  the 
current  leaves  the  liquid,  viz,,  at  the  copper  plate,  and  the  SO4 
where  the  current  enters  the  liquid,  at  the  zinc  plate.  The  SO^will 
combine  with  zinc,  and  consequently  the  zinc  dissolves,  forming 
zinc  sulphate  (ZnSOj).  The  hydrogen  liberated  at  the  copper  plate 
causes  a  back  e,m.f.  as  we  have  already  seen,  and  so,  as  soon  as 
we  complete  the  circuit  and  allow  a  current  to  flow,  reactions  take 
place  that  cause  a  fall  in  the  e.m.f.  due  to  the  decomposition  of 
the  liquid,  and  the  consequent  liberation  of  hydrogen  at  the 
copper  plate.     If  the  current  be  maintained  for  any  length  of 
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time  we  find  it  getting  weaker,  till  it  finally  ceases.  This  is  due 
to  the  hydrogen  collecting  more  and  more  on  the  copper  plate, 
till  it  finally  completely  covers  it  with  a  film,  and  hydrogen  being 
a  non-conductor  of  electricity,  prevents  any  further  flow  of  elec- 
tricity round  the  circuit     The  cell  is  then  said  to  be  polarised. 

If  we  divide  the  vessel  into  two  parts  by  meaiis  of  a  porous 
partition  of  say  unglazed  earthenware  (which  is  the  common 
material  employed),  and  place  the  zinc  with  dilute  sulphuric  acid 
in  one  compartment,  and  the  copper  with  copper  sulphate  solution 
in  the  other  (Fig.  33),  we  prevent  the  hydrogen  from  collecting 
on  the  copper  plate,  for  the  hydrogen  now  combines  with  the 
copper  sulphate  to  form  sulphuric  acid,  while  the  copper  so 
liberated  is  dei>osited  on  the  copper  plate — 

CuSO^  +  H  J  =  HjSO,  +  Cu. 

If  pure  zinc  is  used  it  will  be  unacted  upon  by  the  acid  until 
a  current  flows  through  it,  when  by  the  liberation  of  SO^  in 
contact  with  the  zinc,  zinc  sulphate  is  formed.  The  amount  of 
zinc  dissolved  is  proportional  to  the  quantity  of  electricity  passing, 
or  to  the  current  multiplied  by  the  time. 

Q.  T.  If  in  this  cell  a  current  of  i  ampere  is  maintained  for 
I  hour,  how  much  zinc  has  been  converted  into  zinc  sulphate  ? 
The  atomic  weight  of  zinc  =  64.9, 

Zinc  is  a  divalent  element,  and  therefore  its  chemical 
equivalent  =  32.45,  and  the  electro-chemical  equivalent  =  32,45  x 
.0104  mgm.  =.000337  gm.  If  i  ampere  be  maintained  for  i 
hour,  then  3,600  coulombs  will  have  passed  through  the  solution, 
and  therefore  .000337  x  3600=  i. 31  grams  of  zinc  will  have  been 


Q.  2.  In  this  same  cell  how  much  copper  will  be  deposited  on 
the  copper  plate  by  i  ampere  in  i  hour?  The  atomic  weight 
of  copper  =  63, 

Copper  being  a  divalent  element,  its  chemical  equivalent 
=  31.5,  and  its  electro-chemical  equivalent  =  3i.5x.oio4  mgm. 
'=. 000327  gm. 

Therefore,  as  3,600  coulombs  pass  through  the  solution,  we 
have  .000317  X  3600=  r.r75  grams  of  copper  deposited  on  the 
copper  plate. 

This  copper  has  come  from  the  copper  sulphate  solution,  and 
therefore,  if  the  cell  is  to  go  on  working,  it  must  be  provided  with 
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a  stoie  of  this  substance,  or  the  solution  would  soon  be  converted 
into  sulphuric  acid,  all  the  copper  having  been  deposited  on  the 
oopper  plate,  and  polarisation  would  then  take  place  as  before. 
To  prevent  this  a  numbei  of  crystals  (of  CuSO^)  are  suspended 
in  the  cxipper  compartment  and  slowly  dissolve,  keeping  the 
solution  always  saturated. 

If  commercial  zinc  is  used  it  will  contain  Impurities,  other 
metals  being  present  to  a  certain  extent  We  therefore  have  all 
the  requisites  for  a  cell  complete  in  the  zinc  compartment,  viz., 
two  different  metals  and  the  liquid  and  currents  will  circulate 
through  this  local  circuit,  from  the  zinc  through  the  liquid  to  the 
impurity  completing  the  circuit  through  the  body  of  the  zinc 
itself,  and  consequently  the  zinc  will  be  dissolved  even  when  we 
have  no  outside  connection  between  the  copper  and  the  zinc  plates. 
This  is  called  local  action,  and  is  presented  by  either  using 
chemically  pure  zinc  or  by  amalgamating  it  with  mercury.  The 
amalgamating  is  accomplished  by  first  cleaning  the  zinc  in  acid, 
and  then  rubbing  mercury  over  its  surface.  The  mercury 
amalgamates  with  the  zinc,  forming  a  paste  of  mercury  and  zinc 
which  will  spread  itself  over  the  impurities,  preventing  them  from 
coming  into  contact  with  the  liquid,  while  the  zinc  is  continually 
brought  to  the  surface  as  it  is  required  by  the  mercur)-  amalgamat- 
ing with  more  of  it.  This  cell  is  known  as  "  Daniell's  "  from  the 
name  of  its  inventor.     It  gives  an  e.m.f.  of  1.07  volts. 

We  have  seen  that  SO,  is  liberated  at  the  zinc  and  copper  at 
the  copper  plate,  and  though  this  reaction  must  be  taking  place 
throughout  the  whole  body  of  the  liquid,  it  is  only  at  the  electrodes 
that  it  becomes  evident.  It  is  supposed  in  this,  as  in  every  case 
of  electrolysis,  that  the  molecules  become  polarised,  and  then  an 
interchange  takes  place  between  them,  this  of  course  being  quite 
invisible  even  with  the  most  powerful  microscope,  for  molecules 
cannot  be  seen  by  any  known  means.  This  interchange  is  repre- 
sented in  Fig.  34,  where  we  see,  first,  the  molecules  polarised  and 
in  line ;  and  second,  the  interchange  that  goes  on  among  the  many 
millions  of  molecules  while  the  current  flows. 

The  resistance  of  the  cell  is  often  of  great  importance,  for  since 
the  current  that  flows  in  the  external  part  of  the  circuit  must  also 
flow  through  the  cell  itself,  a  large  amount  of  its  e.m.f.  will  be 
spent  on  the  cell  if  its  resistance  is  high,  and  again  the  n 
current  it  can  deliver  will  be  small. 
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Q.  I.  If  the  Daniell  cell  described  above  gives  an  e.m.f.  of 
1.07  volts,  and  its  resistance  be  1  ohm,  what  is  the  maximum 
current  it  can  deliver? 

total  e.m.f.     ^ 
total  resistance 

That  is  to  say,  when  we  join  the  terminals  tt^ether  by  a  thick, 
short  copper  wire,  having  in  itself  a  perfectly  negligible  resistance, 
the  current  that  would  flow  through  it  would  be  1.07  amperes. 


The  current  = 


.07  amperes. 


>  r^ 


Q,  2.  If  a  similar  cell  were  used,  but  one  having  a  resistance 
of  \  ohm,  what  would  be  the  maximum  current  obtainable  ? 


Current  = 


toUl  R        i 


=  4.38  amperes. 


Now  the  resistance  of  a  cell  lies  chiefly  in  the  resistance  of  the 
liquids  employed,  for  all  liquids  have  a  much  higher  specific  resist- 
ance than  metals,  and  the  resistance  of  liquid  conductors,  like 

metallic  conductors,  is  proportional  to '' —  x  sp.  res.,  so  tliat 

sec.  area 
for  any  given  liquid  the  resistance  will  be  less  the  shorter  we 
make  the  distance  between  the  electrodes,  and  the  larger  we  make 
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the  sectional  area  through  which  the  current  passes,  i.e.,  the  larger 
we  make  the  electrodes.  Therefore  the  resistance  of  any  given 
cell  depends  on  its  size  and  the  distance  between  the  zinc  and 
copper  plates. 

The  e.m.f.,  however,  depends  simply  on  the  materials  employed, 
and  would  have  the  same  value  whatever  the  size  may  be.  A  cell 
made  up  in  a  teacup  would  have  exactly  the  same  e.m.f.  as  one 
made  of  the  same  materiais  in  a  lo-gallon  jar,  but  the  small  one 
would  have  much  more  resistance  than  the  large  one,  and  therefore 
could  not  deliver  so  large  a  current. 

A  very  large  number  of  primary  cells  have  been  invented,  the 
object  being  in  every  case  to  increase  the  e.m.f.,  decrease  the 
internal  resistance,  effectually  to  prevent  polarisation,  and  to  mini- 
mise the  amount  of  attention  required  to  keep  them  in  good 
working  condition. 

When  small  currents  are'required  for  short  intervals  of  time  as 
is  used  for  ringing  bells,  sending  signals,  telephoning,  &c.,  the 
"Leclanch^"  cell  is  superior  to  any,  in  that  it  requires  no  attention 
whatever  for  months  or  even  years  if  put  into  a  suitable  place, 
there  being  no  action  in  the  cell  when  not  delivering  a  current 

This  cell  consists  of  a  vessel  of  glass  or  earthenware  containing 
a  solution  of  salammoniac  (ammonium  chloride,  NHiCl)  into 
which  a  zinc  rod  or  sheet  and  a  porous  pot  is  placed.  The 
porous  pot  contains  a  plate  of  carbon  surrounded  by  crushed 
carbon  and  manganese  dioxide  (MnO^),  the  top  being  covered  with 
acompiound  consisting  principally  of  pitch  and  shellac.  The  salam- 
moniac solution  penetrates  through  the  porous  pot  and  the  crushed 
carbon  and  manganese  dioxide,  no  second  liquid  being  employed. 
The  only  object  in  having  the  porous  pot  is  to  keep  the  manganese 
dioxide  and  carbon  in  close  contact,  and  to  prevent  the  zinc  and 
carbon  from  touching.     The  e.m.f.  of  the  cell  is  nearly  1.5  volts. 

When  we  complete  a  circuit  between  the  carbon  plate  and  the 
zinc,  a  current  flows  from  the  zinc  through  the  salaipmoniac 
solution  to  the  carbon,  and  from  the  carbon  through  the  circuit 
provided  back  to  the  zinc.  In  so  doing,  the  solution  of  salam- 
moniac is  decomposed  into  ammonia  (NH^),  chlorine  (CI),  and 
hydrogen  (H).  The  chlorine  attacks  the  zinc  and  forms  zinc 
chloride,  the  ammonia  is  given  off  as  a  gas,  and  the  hydrogen 
is  liberated  at  the  carbon  and  manganese  dioxide  mixture.  Here 
the  hydrogen  decomposes  the  manganese  dioxide,  and  combines 

U,g,t,.,.d.i.COOC^Ic 


ELECTRO-CHEMISTRY.  103 

with  some  of  its  oyxgen,  forming  water.    In  chemical  symtmls  this 
action  is  represented  thus— 

aNH^a  +  Zn  =  ZnCl  +  2NH,i-H, 
Hj  +  2MnOa=  MnjO,  +  H,0. 
These  cells  are  commonly  made  in  three  sires,  the  intermediate 
size  having  a  resistance  of  about  i  ohm. 

They  are  also  made  in  a  form  known  as  dry  cells,  which  is  an 
improvement  in  some  respects  on  the  older  form  described  above. 
In  this  the  positive  element  (the  zinc)  is  iised  to  form  the  con- 
taining vessel,  which  is  often  cylindrical  in  shape,  and  made  from 
sheet  zinc  with  a  zinc  bottom.  This  is  lined  inside  with  plaster  of 
paris,  which  takes  the  place  of  the  porous  pot.  Inside  this  is 
placed  a  carbon  plate  surrounded  by  a  paste  of  powdered  carbon, 
manganese  dioxide,  glycerine,  and  salammoniac  solution.  The 
top  is  then  covered  in  with  a  compound  of  pitch  and  shellac, 
a  very  small  vent-hole  being  left.  The  action  of  the  cell  is  the 
same  as  in  the  older  form,  and  being  made  of  the  same  materials, 
it  produces  the  same  e.m.f.,  but  its  resistance  is  less  because  the 
sectional  area  through  which  the  current  passes  is  considerably 
increased,  and  the  distance  between  the  zinc  and  carbon  is 
diminished.  An  intermediate  size  has  a  resistance  of  about 
.4  ohm,  therefore  it  can  deliver  a  maximum  cuncnl  of  nearly 
4  amperes  instead  of  1.5  amperes  with  the  older  type.  It  is 
also  more  convenient  in  many  cases,  for  it  can  be  placed  in 
any  position. 

Polarisation  is  prevented  in  these  cells  to  a  certain  degree  by 
the  manganese  dioxide,  which  being  rich  in  oxygen,  parts  with 
some  of  it  to  burn  up  the  hydrc^en  that  would  otherwise  polarise 
the  cell.  But  manganese  dioxide  does  not  part  with  its  oxygen 
very  readily,  and  therefore  if  the  current  be  la^  and  is  being 
continued  for  any  length  of  time,  more  hydrogen  will  be  libemted 
than  the  MnO}  can  deal  with,  and  the  cell  will  begin  to  polarise. 
If  it  is  then  allowed  to  rest  for  a  short  time,  the  MnO,  will  bum 
up  the  hydrogen  remaining,  and  the  cell  will  be  ready  for  a  fresh 
start  It  is  for  this  reason  that  it  is  commonly  used  for  inter- 
mittent current  work. 

A  cell  that  has  found  a  certain  amount  of  favour  in  this 

country  with  railway  companies  and  others  is  that  known  as  the 

"Fuller  bichromate"  cell.     In  this  an  outer  vessel  of  glass  or 

porcelain  contains  a  plate  or  plates  of  carbon  in  a  solution  of 
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bichromate   of  potash  and  sulphuric  acid  (i  of  acid  to  9  of 
water  by  volume).     In  the  size  most  commonly  employed,  one 
carbon  plate  6  by  >  in-  is  used,  and  to  about  3  pints  of  the 
sulphuric  add  solution  from  3  to  4  oz.  of  bichromate  of  potash 
is  added.     A  thick  zinc  rod  with  a  broad  flat  base  is  placed  in  3 
p(HX}us  pot  which  stands  in  the  outer  vessel.    Very  dilute  sulphuric 
acid  is  poured  in,  and  about  an  ounce 
or  so  of  mercury,  which  keeps  the  zinc 
always  well  amalgamated  (see  Fig,  35). 
The  e.m.f.   of   this   cell    is    high 
(nearly  z  volts),  and  it  requires  but 
little    attention.      Fresh    crystals   are 
added  from  time  to  time  (depending 
on  the  amount  of  use),  the  solution 
in  the  outer  vessel  turning  a  blue  tint 
instead  of   the    characteristic   orange 
colour  of  the  bichromate   of  potash 
when  more  crystals  are  required.     The 
porous  pot  also  requires  emptying  and 
refilling  occasionally  owing  to  diffusion, 
this  action  and  also  the  internal  resist- 
Fig.  3;.  ance  depending  on  the  degree  of  hard- 

ness and  the  thickness  of  the  porous 
pot.  It,  however,  is  superior  to  the  Daniell  cell  where  lai^e 
currents  are  required  for  long  periods,  such  as  is  required  in 
railway  work.  It  is  also  considerably  cheaper  to  make  and  to 
maintain,  and  equally  reliable. 

In  cases  where  the  current  is  only  required  for  a  few  seconds, 
such  as  in  dropping  an  indicator,  releasing  an  interlocking  lever 
and  the  like,  large-sized  Lecbnch^  cells  are  preferable,  in  that 
they  require  much  less  attcniion  than  any  other  cell. 

The  chemical  action  that  takes  place  in  the  "  Fuller  bi- 
chromate "  cell  when  a  current  flows  is  represented  as  follows : — 
3Zn  +  3HjSO,  =  3ZnS04  +  6H 
KjCrjOj  +  4HjS0(  +  6H  =  Cxl%0^^  +  K,SO.  +  7HjO. 
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CHAPTER  VIII. 

ACCUMULATORS. 

If  we  place  two  plates  of  lead  into  dilute  sulphuric  acid,  keeping 
them  apart,  and  send  a  current  through  the  acid  from  one  plate 
to  the  other,  the  acid  becomes  decomposed,  hydrogen  being 
liberated  at  one  plate  (where  the  current  leaves  the  liquid)  and 
SO  where  it  enters  the  liquid,  but  SOj  is  able  to  decompose  water, 
combining  with  the  hydrogen  to  form  sulphuric  acid  (HjSO^)  and 
liberating  oxygen.  We  therefore  get  the  same  effect  as  when  we 
electrolyse  water,  but  the  addition  of  the  sulphuric  acid  decreases 
the  resistance  very  considerably.  If  we  now  reverse  the  current, 
we  get  hydrogen  given  off  at  the  plate  where  formerly  oxygen  was 
given  off,  and  vice  versa.  We  notice,  however,  a  peculiarity  about 
the  plates.  The  last  anode  (or  the  plate  where  oxygen  was 
given  off  last)  has  turned  a  dark  brown  colour,  while  the  last 
cathode  appears  grey  coloured.  Every  time  we  reverse  the  cunent 
we  find  the  colour  of  the  two  plates  reversed,  but  we  notice  that  it 
takes  longer  each  time  to  effect  the  change,  and  also  that  the  gases 
(oxygen  and  hydrogen)  are  not  given  off  immediately  the  current 
is  started,  but  with  each  reversal  of  the  current  a  longer  time 
elapses  before  gas  appears  at  the  electrodes.  If  we  continue  to 
reverse  the  current  in  this  way  for  some  long  period  of  time  we 
shall  find  eventually  that  several  hours  are  required  between  each 
reversal  before  gas  is  evolved. 

When  we  examine  the  plates  of  lead  we  find  that  the  surfaces 
have  entirely  changed.  They  are  no  Ibnger  hard  metallic  surfaces, 
but  soft,  porous,  spongy  masses.  On  testing  the  nature  of  the 
materials  we  find  the  dark  brown  substance  to  be  peroxide  of 
lead  (PbO,),  and  the  grey  substance  on  the  other  plate  pure 
metallic  lead  in  a  porous  or  very  finely  divided  condition.  This 
has  come  about  by  the  oxygen  first  eating  into  or  rusting  the  plate 
of  lead,  then  the  hydr<^en  being  liberated  at  this  plate,  combined 
with  the  oxygen  to  form  water,  leaving  the  lead  in  a  spoiujr  state, 
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and  every  time  we  repeated  the  reversal  the  oxygen  oxidised  or 
rusted  the  plate  a  little  deeper  before  gas  was  given  off. 

Now  if  we  take  these  two  materials,  viz.,  metallic  lead  in  a 
finely  divided  state,  and  peroxide  of  lead,  and  place  them  in 
sulphuric  acid,  we  find  they  give  an  e.m.f,  of  nearly  2  volts,  the 
finely  divided  lead  taking  the  place  of  the  zinc  in  the  primary 
battery,  and  the  peroxide  of  lead  (a  substance  rich  in  oxygen,  and 
one  that  very  readily  parts  with  it  in  presence  of  hydrogen)  taking 
the  place  of  the  carbon  with  its  manganese  dioxide  or  other 
depolarising  agent,  and  if  we  join  the  two  plates  together  by 
suitable  conductors  we  get  a  current  through  them  which  remains 
practically  constant  for  a  long  time,  depending  on  the  strength  of 
the  current  The  current,  however,  eventually  begins  to  decrease, 
indicating  that  the  e.m.f.  is  falling,  and  if  we  still  keep  it  connected 
up  it  will  in  a  short  time  give  no  e.m.f.,  and  the  current  will  fall 
to  zero. 

If  we  examine  the  plates  we  shall  fiod  that  the  finely  divided 
lead  has  turned  white,  while  the  peroxide  plate  is  a  tighter  brown 
than  previously.  On  testing  we  find  the  lead  plate  has  been 
converted  into  sulphate  of  lead  (PbSOj),  just  as  the  zinc  was  con- 
verted into  sulphate  of  zinc,  but  with  this  difference,  sulphate  of 
zinc  being  soluble  in  sulphuric  acid  solution,  was  found  in  the 
body  of  the  liquid,  whereas  the  sulphate  of  lead  is  perfectly 
insoluble,  and  consequently  remains  where  it  is  formed. 

These  two  plates  can  be  brought  to  their  original  condition 
again  if  we  send  a  current  through  them  in  the  reverse  direction 
to  that  which  we  took  from  them.  Oxygen  and  hydrogen  will  be 
liberated  at  the  plates  as  before,  and  the  hydrogen  will  combine 
with  the  SOj  to  form  sulphuric  acid,  leaving  the  plate  with  a 
surface  of  finely  divided  metallic  lead,  while  the  oxygen  on  the 
other  plate  will  reconvert  it  into  peroxide  of  lead. 

This  gives  the  cell  the  appearance  of  storing  electricity,  for  we 
charge  it  up  with  a  current  for  a  certain  time,  and  can  then  take  a 
current  from  it  at  some  future  time,  and  for  this  reason  it  is  often 
called  a  storage  cell  or  accumulator.  This  cell  is  used  to  a  very 
large  extent  in  electrical  engineering,  and  it  is  certainly  by  far  the 
best  cell  known,  for  it  gives  a  high  e.m.f,  compared  with  many 
primary  cells.  Its  internal  resistance  can  be  made  very  small,  for 
sulphuric  acid  is  one  of  the  best  liquid  conductors,  and  ^ain,  the 
cell  will  not  polarise  even  when  delivering  large  currents.    We  find 
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them  employed  in  electric  light  stations  to  help  with  the  supply  at 
times  when  the  demand  is  great,  to  supply  the  whole  of  the  power 
required  through  the  night  and  early  morning,  and  to  act  as  a 
stand-by  in  case  of  a  breakdown  to  the  machinery,  being  charged 
up  in  the  mornings  and  early  afternoons.  Also  in  stations 
supplying  electrical  energy  to  trains  and  tramways  we  find  them 
run  in  parallel  with  the  dynamos,  helping  with  the  load  when  it 
suddenly  becomes  excessive,  and  absorbing  power  when  it  sud- 
denly decreases,  thereby  taking  many  of  the  injurious  strains  from 


Fig-  36.  Fig.  37. 

the  machinery  that  would  otherwise  occur.  In  fact,  accumulators 
are  to  be  found  in  almost  every  branch  of  electrical  engineering. 

The  process  of  manufacture,  as  described  above,  makes  it  both 
lengthy  and  costly,  though  when  so  made  they  are  better  for  some 
purposes  than  when  made  by  the  process  usually  employed,  which 
we  will  now  consider. 

We  see  that  what  is  required  is  to  provide  two  lead  plates,  one 
coated  with  spongy  metallic  lead,  the  other  with  spongy  peroxide 
of  lead,  and  these  can  both  be  made  by  making  a  paste  of  red 
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lead  (PbgOi)  and  sulphuric  acid  solution,  putting  a  thickish 
layer  on  each  of  two  roughened  lead  plates,  and  allowing  it  to  dry. 
The  common  ]>ractice  is  to  cast  the  lead  plates  into  various  grid 
sha[)es,  some  of  wliich  are  shown  in  Figs.  36-38,  and  to  fill  the 
holes  with  the  paste,  which  should  be  well  mixed,  and  about  as 
stiff  as  thick  cream.  Some  time  is  saved  and  the  same  result 
obtained  if  we  use  a  paste  made  of  litharge  (PbO)  for  the  negative 
plate,  and  the  red  lead  paste  for  the  positive  plate.  When  the 
paste  has  been  well  squeezed  into  the  grids,  and  made  flush  with 
the  surface  of  the  lead,  the  plates  must  be  left  till  quite  dry,  prefer- 
ably standing  on  end  in  racks,  so  that  the  air  may  get  to  every  part 
of  them.    These  pasted  plates  have  then  to  be  formed,  one  into 


Fig.  38. 

peroxide  of  lead  and  the  other  into  metallic  lead,  and  this  forma- 
tion is  accomplished  by  sending  a  current  through  sulphuric  acid 
solution,  using  the  red  lead  plate  as  anode  and  the  litharge  plale 
as  cathode.  The  current  must  be  kept  on  for  a  long  time  at  the 
start,  especially  if  the  cells  are  of  large  size,  say  twenty-four  hours, 
for  if  the  plates  are  allowed  to  stand  in  the  acid  after  a  slight  forma- 
tion they  will  be  converted  more  or  less  into  sulphate  of  lead,  and 
the  work  will  have  to  be  done  again.  After  the  first  long  run,  they 
must  be  charged  each  day  for  as  long  a  time  as  possible  until  fully 
formed.  All  this  time  the  oxygen  and  hydrogen,  instead  of  being 
given  off  as  gas,  has  been  acting  on  the  pasted  plates,  converting 
one  into  metallic  lead  and  the  other  into  peroxide  of  lead,  and 
when  this  has  been  accomplished  the  gases  will  be  freely  given 
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off,  and  the  formation  process  is  completed.  In  this  case  no 
reversal  of  the  current  is  required,  for  the  spongy  nature  of  the 
materials  is  brought  about  by  originally  pasting  it  on  in  this  form, 
and  not  by  the  action  of  the  current. 

When  the  pastes  are  made  we  have  for  the  positive  plate — 
PbgO,  +  (aHjSO,  +  HjO)  =  PbOj  +  aPbSO,  +  3H,0 
and  for  the  negative  plate,  if  litharge  is  used,  we  have — 
3PbO  +  (sHjSO^  +  HjO)  -  3PbSO^  +  4H,0 
and  these  are  left  for  ten  or  twelve  days  to  dry. 

In  forming,  the  sulphuric  acid  is  decomposed  In  presence  of 
water,  in  the  pores  of  the  spongy  masses,  and  we  get  at  the  + 
plate — 

PbOs+  aPbSO,  +  4HjO  +  3S0.= sPbOj  +  4HsSO^. 

At  the  -  plate  we  get  hydrogen  liberated  instead  of  SO^,  which 
forms  pure  lead  and  sulphuric  acid,  thus — 

3PbS0^ + 3H,  «  3Pb  +  3H3SO4 
or  if  red  lead  be  used  for  —  plate  also,  we  have — 

PbOs+2PbS04  +  4H,-3Pb  +  2HsS04+iH,0. 

Sulphuric  acid  is  therefore  formed  at  both  plates,  and  so  the 
strength  of  the  acid  in  the  cell  increases  during  the  process  of 
fQrmation. 

The  size  of  the  cell  is  increased  botli  by  making  the  plates  of 
larger  size,  and  by  taking  a  number  of  positive  (peroxide)  plates, 
and  interleaving  them  with  negative  plates,  joining  all  the  positive 
plates  leather  to  form  one  lai^e  positive,  and  all  the  negatives 
together  for  the  negative  plate.  Of  course  it  is  absolutely  necessary 
that  the  plates  be  prevented  from  touching  each  other,  and  there- 
fore insulating  strips  of  ebonite  or  glass  are  inserted  between  the 
plates.  The  plates  are  not  joined  together  by  soldering,  for  with 
the  acid  fumes  condensing  on  the  joint  it  would  soon  be  eaten 
away,  owing  to  the  formation  of  a  primary  celt  at  this  part,  as 
solder  and  lead  in  sulphuric  acid  will  give  an  e.m.f.  of  their  own, 
and  the  local  action  would  soon  eat  away  the  joint.  The  method 
usually  adopted  for  joining  the  plates  is  to  burn  the  lead  together, 
so  that  no  other  metal  is  employed.  This  process  of  lead  burning 
reciuires  a  skilled  workman  for  its  neat  and  perfect  execution,  and 
care  has  to  be  taken  to  make  a  good  joint,  so  that  its  sectional 
area  shall  not  be  less  than  that  of  the  part  leading  to  it    I'he 
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plates  should  be  raised  from  the  bottom  of  the  cell  by  providing 
insulating  strips  of  glass,  ebonite,  or  paraffined  wood  for  them  to 
stand  on,  so  that  any  of  the  paste  falling  away  from  the  plates 
may  drop  to  the  bottom  and  not  short  circuit  the  cell. 

When  the  cell  is  fully  formed  the  density  of  the  acid  solution 
should  be  i.zo,  which  is  the  density  of  a  28  per  cent,  solution  by 
weight.  As  we  discharge  the  cell  the  acid  becomes  weaker,  for 
the  lead  plate  is  being  formed  into  sulphate  of  lead,  while  the 
hydrogen  by  combining  with  the  oxygen  on  the  peroxide  plate 
forms  water,  which  diffuses  through  the  body  of  the  liquid.  The 
density  of  the  acid  solution  when  discharged  should  be  about 

'■■'*■ 

In  discharge  we  start  with  PbO,  on  the  positive  plate,  and 
we  get — 

aPbOj  +  sHaSO,  +  3Hj  -  jPhSO^H-  6HjO 
and  on  the'n^ative  plate,  starting  with  pure  lead,  we  get — 

SPb  +  sSO^-aPbSO^. 
Both  plates  are  thus  brought  superficially  to  lead  sulphate,  and 
the  e.m.f.  falls  when  the  acid  is  no  longer  able  to  diffuse  through 
the  pores  into  the  interior  portions,  for  the  sulphate  of  lead  so 
formed  occupies  a  greater  space  than  the  lead  or  peroxide  of 
lead,  and  so  the  formation  of  sulphate  of  lead  on  the  surface 
closes  the  pores  more  or  less,  and  thus  restricts  the  further  diffusion 
of  the  acid,  and  consequently  the  e.m.f.  falls,  even  though  there 
may  still  be  plenty  of  metallic  lead  and  peroxide  of  lead  inside ; 
but  if  the  acid  cannot  get  to  it,  it  is  of  no  use,  and  the  capacity  of 
the  cell  is  dependent  on  the  extent  of  difi'usion. 

The  cell  has  now  to  be  charged  up  once  more,  and  we  get  on 
the  +  plate — 

3PbS0«  +  6Hi,0  +  3SO«=  sPbO,  +  6H,S04 
and  on  the  -  plate — 

aPbSO^  +  3Ha  =  3Pb  +  3HJ.SO4. 

The  dischai^e  current  should  not  exceed  a  certain  value, 
depending  on  the  size  of  the  cell  and  on  the  form  of  the  grids. 
The  maximum  dischai^e  current  for  any  given  cell  will  be  specified 
by  the  manufacturer,  who  will  also  give  the  capacity  of  the  cell  in 
ampere  hours.  Thus  a  cell  may  be  stated  to  be  of  500  ampere 
hours  capacity,  and  the  maximum  discharge  current  to  be  50 
amperes.    Then  this  cell  should  be  able  to  deliver  a  current  of 
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50  amperes  for  10  hours.  But  the  capacity  of  a  cell  depends  in 
part  on  the  rate  of  dischai^e.  If  the  cell  mentioned  above  be 
discharged  with  a  current  of  10  amperes,  it  would  probably  con- 
tinue delivering  this  for  more  than  50  hours,  and  the  smaller 
the  dischai^e  current  the  larger  is  its  capacity.  This  is  shown 
graphically  on  the  curve.  Fig.  39. 

The  cell  is  said  to  be  dischaiged  when  the  e.m.f.  has  fallen 
to  r.8  volts.  If  we  continue  to  discharge  it  beyond  this  point,  it 
rapidly  falls  to  zero,  and  the  plates  will  become  excessively  sul- 
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phated,  and  difficult  to  recharge.  Therefore  when  the  e.m.f.  of 
any  cell  has  fallen  to  t.8  volts,  it  should  be  taken  from  the  dis- 
charge circuit  and  recharged  as  soon  as  possible.  Fig.  40  repre- 
sents the  curve  of  e.m.f.  of  a  cell  during  charge.  It  starts  at 
1.8  volts,  and  quickly  rises  to  a  little  under  3  volts.  It  remains 
practically  steady  for  some  hours  at  this  e.m.f.,  with  a  slight 
upward  tendency  until  it  is  nearly  recharged.  At  this  stage 
the  e.m.f.  rises  again  rapidly  until  it  reaches  3.4  volts,  and  gas 
is  then  given  off  freely,  giving  the  solution  the  appearance  of 
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boiling.  This  final  rise  from  a  little  over  3  to  2.4  volts  is  due 
to  the  concentration  of  the  acid  in  the  pores.  When  the  cell 
was  discharged  the  plates  were  more  or  less  converted  into  PbSO« 
and  now  on  charging  we  get  hydrogen  liberated  where  the  current 
leaves  the  liquid,  that  is,  in  the  pores  of  the  spongy  lead  plate, 
and  this  combines  with  the  SOj  forming  HjSO^ — -strong  sul- 
phuric acid — and  the  e.m.f.  depends  not  only  on  the  nature  of 
the  materials,  but  in  this  case  on  the  strength  of  the  acid  also, 
as  can  be  shown  by  placing  a  spongy  lead  plate  and  a  peroxide 
of  lead  plate  into  acids  of  various  strengths,  and  measuring  the 
resulting  e.m.f.  It  is  also  borne  out  by  the  fact  that  after  the 
cell  has  stood  long  enough  for  this  concentrated  acid  to  diffuse 
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out,  the  e.m.f.  falls  to  its  normal  value.  If  therefore  we  use  the 
cell  directly  after  charging,  we  get  an  e.m.f  which  will  be  high  at 
the  start,  and  which  will  rapidly  fall  to  slightly  over  a  volts,  con- 
tinuing to  fall  from  this  point  at  a  very  much  slower  rate  till  it 
reaches  i.S  volts,  when  it  should  be  again  charged  up.  Fig.  41 
gives  a  curve  of  discharge,  starling  from  the  time  the  charging 
current  was  stopped.  If  after  charging  we  allow  the  cell  to  stand 
for  an  hour,  we  get  a  curve  of  discharge  as  represented  in  Fig.  42. 
These  cells  should  never  be  allowed  to  stand  for  any  length 
of  time  in  a  discharged  state,  for  the  plates  will  become  excessively 
sulphated  by  standing  in  the  acid  in  this  condition,  and  then  it 
is  a  much  more  difficult  task  to  rechai^e  them,  taking  a  much 
longer  time  with  a  proportionally  larger  amount  of  energy.     If 
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they  are  to  be  left  standing  idle  at  any  lime  they  should  be  first 
chai^d  up  fully,  and  a  further  charging  current  sent  through 
them  once  a  week  if  possible  to  keep  them  in  condition. 

This  weekly  charge  is  necessary  because  the  cells  discharge 
themselves  slowly  if  allowed  to  stand,  owing  to  local  action. 
On  the  peroxide  plate  we  have  ^roxide  of  lead  and  metallic 
lead  in  sulphuric  acid,  consequently  we  have  on  this  plate  all 
the  essentials  for  a  cell  complete  io  itself,  and  currents  will 
circulate  from  the  lead  through  the  acid  to  the  peroxide  and 
back  throv^h  the  lead  body  of  the  plate.  These  local  currents 
will  in  time  discharge  the  cell,  and  consequently  if  they  are  to  be 
kept  in  good  condition  and  ready  for  use  at  a  moment's  notice 
they  require  a  periodical  chafing  for  a  short  time. 

The  repeated  charging  and  discharging  of  the  cell  slowly 
converts  the  lead  grid  into  peroxide  of  lead.  This  prevents  local 
action  to  a  certain  extent,  and  increases  the  capacity  of  the  cell, 
which  therefore  has  the  appearance  of  improving  with  use.  This 
action  continues  till  a  point  is  reached  where  the  grid  is  so 
weakened  that  it  is  no  longer  able  to  support  the  weight  of  the 
peroxide  of  lead,  and  the  plate  then  falls  to  pieces. 

It  is  for  this  reason  that  great  care  must  be  taken  in  handling 
positive  plates  which  have  been  in  use  for  some  time,  for  a  little 
rough  treatment  may  entirely  destroy  them. 

When  cells  have  become  excessively  sulphated  it  is  extremely 
difficult  to  recharge  them,  and  a  large  amount  of  time  is  often 
necessary  before  any  appreciable  effect  is  made.  In  such  cases 
it  is  sometimes  advisable  to  take  out  the  acid  and  put  in  a 
solution  of  sodium  sulphate.  This 
under  the  action  of  the  charging 
current  will  soften  the  plates  and 
bring  them  to  their  original  colour. 
The  sodium  sulphate  solution  should 
then  be  poured  oR)  and  the  acid 
replaced  in  the  cell,  and  the  charg- 
ing continued  till  the  process  is  ^''fi-  43- 
complete. 

The  acid  has  a  great  tendency  to  creep  over  the  tops  of  the 
cells,  and  when  this  occurs  the  supports  soon  become  coated  with 
the  acid,  forming  a  partial  short  circuit.  To  prevent  this  the  tops 
of  the  cells  should  be  coated  with  paraffin  wax,  and  the  cells 
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should  stand  on  oil  insulators.  One  of  the  forms  employed  is 
shown  in  Fig.  43.  One  of  these  should  be  placed  at  each  corner 
of  the  cell,  and  the  recess  filled  with  heavy  petroleum  or  other 
insulating  oil. 

If  the  cells  are  large  and  the  space  limited  it  is  usual  to 
arrange  them  in  rows  or  tiers  one  above  the  other,  and  in  this 
case  it  is  best  to  allow  enough  space  to  take  the  plates  from  any 
cell  without  moving  the  cell  bodily,  for  the  weight  of  the  whole 
cell  is  often  very  great. 

When  the  cells  are  fully  formed,  gas  is  given  off  freely,  oxygen 
at  one  plate  and  hydrogen  at  the  other.  The  same  occurs  at  the 
end  of  each  charging,  and  the  gases  cany  off  some  of  the  acid, 
which  is  not  only  very  disagreeable  but  injurious  to  the  surround- 
ing objects,  unless  they  are  protected  with  some  insulating  material. 
To  prevent  this  to  some  extent,  glass  plates  are  often  placed  over 
each  cell.  These  catch  the  acid  and  allow  it  to  drop  back  into 
the  celt.  The  gases  should  not  be  allowed  to  accumulate,  for 
the  mixture  of  oxygen  and  hydrogen  is  explosive,  therefore  the 
accumulator  room  should  l>e  properly  ventilated,  and  naked 
lights  should  not  be  used  for  examination  of  [he  cells.  A  small 
portable  incandescent  lamp  is  very  convenient  for  this  purpose. 

In  the  absence  of  the  maker's  definite  figure  for  the  maximum 
discharge  current,  we  may  reckon  on  say  i  ampere  for  every 
13  sq.  in.  of  positive  surface,  reckoning  both  sides  of  the  plate. 
Thus  a  positive  plate  4  in.  square  will  have  32  sq.  in,  of  surface, 
and  the  maximum  discharge  current  for  this  will  be  ^■■a.j 

amperes.  But  the  different  makers  give  very  different  figures  for 
the  various  forms.  Some  are  known  as  slow  discharge  and  others 
as  rapid  discharge  cells,  and  the  figure  given  above  would  be  that 
of  a  slow  discharge  cell,  and  it  would  be  best  to  work  at  this  rale 
until  reliable  information  as  to  the  maximum  discharge  rate  has 
been  obtained. 

The  cells  now  being  supplied  for  traction  work  by  the  Tudor 
Accumulator  Co.,  the  E.P.S.  Co.,  and  others,  will  have  a  much 
higher  discharge  rate.  The  positive  plates  are  made  in  the  form 
shown  in  Fig.  36,  and  are  not  pasted,  being  formed  by  the  original 
process  of  peroxidising  the  surface  of  the  lead  plate  itself.  It  is 
made  in  the  form  shown  so  that  the  surface  may  be  as  large  as 
possible.     Plates  made  in  this  way  are  stronger  than  the  pasted 
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form,  and  will  allow  of  a  much  larger  maximum  discharge  current 
without  injuiy.  The  negative  plates  used  with  these  aie  of  the 
ordinary  pasted  form. 

If  the  maximum  discharge  current  is  exceeded,  the  plates  will 
buckle  owing  to  the  large  amount  of  chemical  action  taking  place 
in  them.  This  straining  causes  the  paste  to  loosen  and  eventually 
fall  away  from  the  plates.  If  the  plates  buckle  sufficiently  to  come 
into  contact  the  cell  will  be  short  circuited,  and  in  all  probability 
entirely  ruined  It  is  therefore  of  the  utmost  importance  that  the 
maximum  discharge  current  should  not  be  exceeded. 

The  efficiency  of  accumulators  is  measured  by  the  watt  hours 
got  out  divided  by  the  watt  hours  put  in,  not  by  the  ampere  hours, 
because  in  charging  a  higher  e.hi.f.  is  required  than  that  given  by 
the  cells,  for  we  have  to  overcome  their  back  e.m.f.  before  we  can 
get  a  current  through  them,  and  the  current  that  flows  is  equal  to 
the  e.m.f.  employed  (called  the  impressed  e.m.f.)  minus  the  back 
e.m,f.  of  the  cells,  divided  by  the  total  resistance  of  the  circuit,  or 


Q.  I.  A  compound  wound  dynamo  producing  a  terminal  poten- 
tial difference  of  150  volts  is  used  Co  charge  60  storage  cells,  each 
having  an  e.m.f.  of  a.s  volts  and  a  resistance  of  .ooi  ohm.  If 
the  leads  joining  the  dynamo  and  cells  have  a  resistance  of  .a 
ohm,  what  will  be  the  current  generated  ?  (C.  and  G.  Examination 
Electric  Light  and  Power,  1897.) 


ISO -(60x2.2)      18     , 

(60X  ooi)+.2    :^^  ^''^P^^^ 

Q.  a.  A  battery  of  55  accumulators  is  charged  with  a  current 
of  50  amperes,  the  p.d.  on  it  being  adjusted  to  keep  the  current 
constant  During  the  chaining,  which  lasted  for  8  hours,  the 
mean  p.d.  employed  was  137  volts.  In  discharging  the  mean 
current  was  60  amperes,  and  afler  6  hours  the  e.m.f.  had  fallen 
to  99  volts,  the  mean  e.m.f.  during  discharge  being  ito  volts. 
What  was  the  efficiency  of  the  battery  ? 

The  efficiency-^" ':°"^g°^°"'= 
watt  hours  put  ui 

The  efficiency=^iiii^^=99.  =  yap<.r  cent. 
i37X5o'<8     137     '    ^ 
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CHAPTER  IX. 

INDICATING  INSTRUMENTS— AMMETERS,    VOLT- 
METERS,  OHMMETERS. 

In  previous  chapters  we  have  many  times  spoken  of  the  ammeter 
nnd  voltmeter  as  instruments  for  measuring  the  current  and  the 
e.m.f.  I'hese  instruments  depend  for  their  action  on  one  of  the 
effects  of  an  electric  current. 

We  have  studied  three  different  effects,  viz.,  a  magnetic  effect, 
a  heating  effect,  and  an  electrolytic  effect,  and  either  of  these 
might  be  utilised  for  indicating  the  current  or  e.m.f.  The  first 
is  used  to  a  very  large  extent,  the  second  to  a  less  extent,  while 
the  third  is  seldom  or  never  utilised  in  practical  work  for  indicating 
instruments. 

In  all  instruments  depending  on  the  magnetic  effect  a  coil  of 
wire  is  employed.  The  current  in  passing  round  the  coil  creates 
a  magnetic  field  through  the  centre,  which  in  some  is  made  to  act 
upon  a  small  piece  of  iron  pivoted  inside  the  coil  attached  to  a 
pointer,  so  that  by  the  movement  of  the  piece  of  iron  the  pointer 
is  moved  over  the  scale.  A  controlling  force  is  provided  which 
increases  as  the  magnetic  pull  on  it  increases,  so  that  the  indica- 
tions of  the  pointer  may  be  proportional  to  the  current.  This 
controlling  force  often  takes  the  form  of  a  fine  spiral  spring, 
similar  to  the  hair-spring  in  a  watch,  but  made  of  some  non- 
magnetit.  material.  In  others  the  force  of  gravity  is  employed  aa 
the  controlling  force. 

The  one  essential  difference  between  the  ammeter  and  the 
voltmeter  is  in  the  resistance  of  the  instruments.  The  same  move- 
ment will  serve  for  either,  but  if  it  is  required  for  an  ammeter 
the  resistance  must  be  made  as  small  as  possible,  while  if  it  be 
required  for  a  voltmeter  the  resistance  must  be  made  as  large  as 
possible.  The  reason  for  this  is  simple.  The  ammeter,  if  it  is  to 
measure  any  given  current,  must  be  put  into  the  circuit,  and  the 
whole  current  passed  through  it,  and  if  it  had  any  appreciable 
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resistance  it  would  alter  the  current  flowing,  owing  to  the  inser- 
tion of  its  own  resistance,  and  again  it  would  cause  a  large  voltage 
fall  on  itself,  for  the  voltage  lost  on  the  ammeter  is  (as  in  any 
other  part  of  the  circuit)  equal  to  the  current  flowing  through  the 
ammeter  ooultiplied  by  its  resistance,  and  therefore  if  its  resistance 
be  small,  the  voltage  spent  on  it  will  also  be  small,  and  its  insertion 
in  the  circuit  will  consequently  cause  no  appreciable  drop  in  the 
voltage  at  any  given  part  We  have  also  seen  that  the  power  lost 
at  any  part  is  equal  to  c'r,  and  consequently  if  r  be  large,  we 
should  have  a  fair  amount  of  power  lost  in  the  ammeter,  and  as 
the  ammeter  commonly  remains  in  the  circuit  continuously,  we 
should  have  this  continuous  loss  of  power,  therefore  the  resistance 
of  an  ammeter  should  be  made  as  small  as  possible,  which  means 
that  the  wire  on  the  coil  must  be  made  both  short  and  thick. 
The  voltmeter,  however,  is  always  connected  as  a  shunt  across 
the  points  where  the  difierence  of  potential  is  to  be  measured, 
and  is  never  put  into  the  main  circuit.  Now  we  have  seen  that 
the  voltage  between  any  two  points  of  the  circuit  depends  on  the 
resistance  between  the  points  and  on  the  current  flowing,  and  if 
the  voltmeter  had  a  low  resistance  it  would  considerably  lower  the 
resistance  between  any  two  points  it  may  be  joined  across,  and 
consequently  the  voltage  between  the  two  points  would  be  con- 
siderably reduced  by  the  application  of  the  voltmeter,  which  would 
prevent  a  true  reading  of  the  voltage  being  obtained.  We  see 
therefore  that  the  voltmeter  must  have  such  a  high  resistance  that 
it  will  cause  no  appreciable  fall  in  the  resistance  between  any  two 
points  it  may  be  joined  across.  In  some  instruments  the  voltmeter 
resistance  will  approximate  to  100  ohms  per  volt,  so  that  a  volt- 
meter to  read  100  volts  would  have  a  resistance  approaching 
10,000  ohms,  while  an  ammeter  to  read  to  100  amperes  would 
have  a  resistance  of  roughly  .ooi  ohm. 

But  if  the  same  movement  is  to  serve  for  both  instruments,  it 
is  essential  to  provide  the  same  strength  magnetic  field  for  both 
when  indicating  the  maximum  reading.  The  strength  of  the  mag- 
netic field  required  depends  on  the  strength  of  the  controlling 
force  and  on  the  friction  at  the  pivots,  and  when  the  movement 
has  been  designed  and  settled,  then  a  certain  strength  field  ts 
required  to  move  it  over  the  full  range  of  the  scale,  and  this  field 
has  to  be  provided  whether  it  be  used  for  a  voltmeter  or  an 
ammeter,  or  whether  it  be  used  for  low  values  or  high.     Thus, 
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suppose  300  ampere  turns  be  required  to  provide  the  necessary 
field,  then  in  the  ammeter  reading  to  a  maximum  of  100  amperes, 


IU;=t ) 


3  turns  will  be  required  on  the  coil,  so  that  when  a  current  of  100 
amperes  flows  through  it,  we  get  the  required  300  ampere  turns. 
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In  ihe  voltmeter,  reading  to  100  volts,  and  having  a  resistance  of 
say  5,000  ohms,  the  current  that  flows  through  it  when  indicating 
the  maximum  voltage  will  be  -i^S^  =  -^i  ampere,  and  as  we  want 
300  ampere  turns  we  must  provide  15,000  turns,  and  we  can  only 
do  so  by  using  extremely  fine  wire,  which  will  have  a  high  resist- 
ance, but  that  is  just  what  we  want,  and  therefore  the  high 
resistance  of  the  instrument  is  best  got  by  using  very  fine  wire  on 
the  coil,  instead  of  by  adding  a  resistance  in  series  with  it,  for 
with  the  latter  we  would  not  get  the  required  ampere  turns  with 
so  small  a  current  in  many  cases. 

We  will  now  consider  the  construction  of  various  types. 
Fig.  44  shows  the  details  of  an  ammeter  made  by  Messrs  Crompton 
&  Co.,  which  can  be  used  with  direct  or  alternating  currents,  pro- 
viding a  separate  scitle  is  employed  for  each.  The  outer  case  is 
made  of  brass,  and  is  pierced  alt  round  with  holes  to  ventilate  it 
The  coil  c  which  is  wound  to  suit  the  cuirent  to  be  measured, 
consists  of  a  brass  bobbin  insulated  fi-om  the  case  by  ebonite 
collets  and  washers,  and  wound  with  insulated  copper  tape,  the 
winding  being  in  two  sections  side  by  side  in  opposite  directions, 
the  inside  ends  of  the  two  sections  being  soldered  to  the  bobbin, 
while  the  outer  ends  are  connected  to  the  terminab  Tj  and  Tj, 
which  are  insulated  from  the  outer  case  by  ebonite  collets.  The 
currents  to  be  measured  flow  through  the  two  sections  of  the  coil 
in  similar  directions,  and  create  inside  the  coil  a  field  propor- 
tional to  the  current.  This  field  is  strongest  close  to  the  wire, 
and  falls  off  in  intensity  as  we  approach  the  centre. 

Inside  the  coil  a  brass  bridge  piece  is  fixed  near  the  top, 
canying  an  arbor  pivoted  in  jewel-ended  screws.  The  arbor 
carries  a  small  piece  of  iron  which  normally  lies  near  the  centre 
of  the  coil.  It  also  carries  the  pointer  and  a  small  balance  weight 
seen  in  the  illustration. 

When  a  current  passes  through  the  coil,  the  small  piece  of 
iron  becomes  magnetised,  and  being  very  thin,  is  saturated  with 
a  small  number  of  ampere  turns.  The  iron  is  now  attracted  to 
the  strongest  part  of  the  field,  that  is,  near  to  the  side  of  the  coil, 
but  in  so  doing  it  rises  against  the  force  of  gravity,  and  the  up- 
ward pull  of  the  magnetic  field  (which  depends  on  the  strength  of 
the  current)  and  the  downward  pull  due  to  the  action  of  gravity 
balance  each  other,  and  in  this  way  the  movement  of  the  pointer 
indicates  for  us  the  strength  of  the  current. 
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Of  course  all  these  instruments  have  to  be  calibrated,  that  is, 
known  currents  must  be  sent  through  them,  and  the  movements 
of  the  pointer  over  a  temporary  scale  noted,  then  after  plotting 
a  curve  with  the  values  obtained  a  new  scale  can  be  made  and 
fised. 

"Die  known  currents  may  be  measured  with  a  voltameter 
vessel  as  described  in  Chapter  VII.  To  do  this  we  could  take  a 
silver  voltameter  with  carefully  weighed  silver  electrodes,  and  place 
this  in  series  with  the  ammeter,  having  first  affixed  a  temporary 
d^rees  scale.  Now  send  a  current  through  both  from  a  few 
accumulator  cells,  noting  the  time  the  current  lasts  (in  seconds), 
and  also  the  reading  of  the  ammeter.  Next  take  out  the  cathode, 
wash  it,  dry  it,  and  carefully  reweigh  it.  The  increase  in  weight 
in  grams  divided  by  the  electro-chemical  e<]uivalent  of  silver«= 
.00118  will  give  us  the  number  of  coulombs  passed  through  the 
circuit,  and  this  again  divided  by  the  time  in  seconds  will  tell  us 
the  current.  The  operation  can  now  be  repeated  with  various 
currents,  measuring  each  in  the  way  indicated,  and  noting  the 
corresponding  indications  of  the  ammeter  needle.  These  values 
when  plotted  in  a  curve  give  us  the  indications  of  the  pointer  for 
tven  values  of  the  cunent,  and  the  new  scale  can  be  constructed 
accordingly. 

This  instrument  when  completed  could  be  used  to  put  in 
series  with  others  for  calibrating  purposes,  in  place  of  the  volta- 
meter vessel,  and  used  as  a  standard,  providing  it  is  itself  very 
accurately  calibrated,  and  also  providing  it  be  checked  frequently 
with  the  voltameter  to  see  that  it  remains  correct 

There  are  other  methods  of  measuring  the  standardising 
currents.  One  involving  the  use  of  an  instrument  called  the 
"  potentiometer  "  is  both  very  accurate  and  very  quickly  performed, 
and  is  a  method  commonly  employed,  but  the  description  of  this 
instrument  and  the  method  of  using  it  for  the  measurement  of 
current  strength  and  e.m.r.  will  be  treated  in  a  subsequent  chapter. 

Fig.  45  shows  an  instrument  made  by  the  "Weston"  Electric 
Instrument  Company  with  the  cover  removed.  A  large  permanent 
magnet  of  fl  shape  is  supported  by  a  gun-metal  casting  screwed 
to  the  ends  of  the  limbs,  and  the  whole  of  the  working  part  is 
built  up  on  this  magnet  independent  of  the  case,  so  that  the 
movement  can  be  removed  bodily  from  the  case  by  simply  taking 
out  one  screw  which  holds  the  gun-metal  casting  in  its  place. 
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The  inside  polar  feces  of  the  magnet  nre  surfaced  up  so  as  to 
come  closely  into  contact  with  wrought-iron  pole  pieces  which  are 
bored  out  to  about  i  in.  diameter,  and  fixed  rigidly  in  their  place 
with  screws  passing  through  the  limbs  of  the  magnet.  To  these 
pole  pieces  a  second  gun-metal  casting  is  screwed,  which  fomis 
a  support  for  a  soft  iron  cylinder  \  in.  diameter  inside  the  bored- 
out  pole  pieces,  and  also  a  support  for  the  scale.  The  soft  iron 
cylinder  fills  up  most  of  the  space  between  the  pole  pieces, 
allowing  an  air  space  at  either  side  of  \  in.,  and  in  this  space  a 
fairly  strong,  uniform,  magnetic  field  exists.  A  coil  of  fine  insu- 
lated copper  wire  of  about  twelve  turns  is  wound  on  a  thin  brass 
frame,  large  enough  to  embrace  the  soft  iron  cylinder,  with  free- 


Fig.  45. 

dom  to  move  in  the  space  between  it  and  the  pole  pieces.  This 
is  pivoted  in  jewelled  bearings  which  are  screwed  to  the  pole 
pieces,  but  insulated  from  them,  forming  little  bridges  across,  and 
the  ends  of  the  coil  are  connected  to  these  bridge  pieces  by  spiral 
springs,  one  at  the  top  and  the  other  at  the  bottom  of  the  coil, 
the  springs  being  wound  in  opposite  directions,  so  that  when  one 
is  twisted  up  by  a  movement  of  the  coil  the  other  is  untwisted. 
This  arrangement  corrects  for  any  variation  in  temijerature,  for 
the  effect  on  one  spring  would  be  counteracted  by  the  opposite 
effect  on  the  other.  The  coil  normally  lies  at  45°  to  the  line 
joining  the  poles  of  the  magnet,  and  consequently  the  magnetic 
field  created  by  a  current  in  the  coil  will  be  displaced  relatively  to 
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the  field  of  the  horseshoe  magnet  as  shown  in  Fig.  46,  and  the 
lines  in  tending  to  shorten  themselves  twist  the  coil  through  a 
certain  angle  against  the  reaction  of  the  spiral  springs,  the  angular 
movement  of  the  coil  depending  on  the  strength  of  the  current  in 
the  coil  and  the  strength  of  the  field  in  which  it  is  placed. 

To  the  coil  is  attached  a  pointer  of  aluminium,  the  whole  being 
balanced  so  that  the  instrument  can  be  read  in  any  position,  and 


Fig-  47- 


the  pointer  and  scale  are  bent  up  so  as  to  come  near  the  front  of 
the  case. 

In  this  instrument  the  whole  current  does  not  go  through  the 
coil,  but  only  a  small  fraction  of  it.  The  main  part  of  the  current 
crosses  from  one  terminal  to  the  other  by  a  broad  strip  of  metal 
under  the  base  of  the  instrument,  while  the  coil  is  placed  as  a 
shunt  across  the  terminals,  or  as  a  conductor  in  parallel  with  the 
metal  strip  (Fig.  47),  and  consequently  the  ratio  of  the  currents  in 
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the  strip  and  in  the  coil  will  be  inversely  proportional  to  their 
resistances  (see  Chapter  III.)-  Now  with  a  given  strength  magnetic 
field  due  to  the  magnet,  and  a  given  elasticity  of  the  spiral  springs, 
it  will  require  a  ceriain  number  of  ampere  turns  in  the  coil  to 
produce  the  full  deflection  on  the  scale.  This  can  be  secured 
by  adjusting  the  resistance  of  the  strip  connecting  the  terminals 
so  that  the  same  movement  will  do  for  any  instrument.  Thus, 
suppose  the  instrument  were  required  to  read  to  a  maximum  of 
lo  amperes,  and  we  required  i  ampere  in  the  coil  to  give  the 
maximum  deflection,  then  the  resistance  of  the  coil  must  be  9 
times  that  of  the  strip,  so  that  the  current  will  divide  at  the 
terminals,  -^  going  through  the  metal  strip  and  ^  through  the 
coil.  If  the  instrument  is  required  to  read  to  a  maximum  of 
100  amperes,  then  the  metal  strip  must  have  99  times  less  re- 
sistance than  the  coil,  and  the  current  will  then  divide  at  the 
terminals,  -^^  going  through  the  strip  and  j^  go'ng  through  the 
coil,  which  will  give  a  reading  to  the  full  range  of  the  scale  as 
before.  By  the  arrangement  of  the  pole  pieces  and  wrought-iron 
cylinder  the  field  due  to  the  permanent  magnet  is  practically 
uniform  over  the  range  of  movement  of  the  coil,  and  so  the  scale 
is  proportional  throughout.  Should  the  permanent  magnet  vary  in 
strength,  the  instrument  would  not  read  correctly,  but  the  magnets 
are  so  treated  that  the  falling  off  in  strength  over  a  number  of 
years  is  inappreciable. 

The  voltmeter  movement  is  exactly  the  same  as  that  for  the 
ammeter,  but  the  terminals  are  not  connected  together  with  a 
metal  strip.  In  this  case  the  resistance  of  the  instrument  has  to 
be  as  lai^e  as  possible  A  high  resistance  coil  is  therefore  placed 
in  series  with  the  moving  coil,  and  fixed  under  the  base  of  the 
instrument,  and  the  moving  coil  is  wound  with  very  fine  wire, 
having  therefore  more  turns  than  the  ammeter  coil.  The  extreme 
sensitiveness  of  these  instruments  is  due  to  the  moving  coil  being 
placed  in  the  strong  magnetic  field  of  the  permanent  magnet,  the 
torque  or  turning  effort  of  the  coil  depending  on  the  current,  on 
the  number  of  turns,  and  on  the  strength  of  the  field,  and  as  this 
field  strength  is  lai^e,  the  ampere  turns  can  be  made  proportion- 
ally small.  The  brass  coil  frame  moving  in  the  field  has  currents 
induced  in  it  which  tend  to  stop  the  motion  producing  them. 
This  makes  the  movement  perreclly  dead  beat,  the  needle  coming 
to  rest  almost  immediately  without  any  vibration  whatever. 
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Fig.  48  shows  another  type  of  ammeter,  whose  indications 
depend  on  the  heating  effect  of  the  electric  current,  conmionly 
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known  as  a  hot  wire  instrument     Under  a  brass  plate  A  two 
terminals  t,  t,  are  fixed,  and  insulated  from  it    TTiese  are  jtnned 

U,g,t,.,.d.i.COOC^IC      _^ 


126  ELECTRICAL  ENGINEERING. 

by  a  metal  strip  ms,  seen  in  the  illustration  in  broken  lines.  Two 
pins  F^  Pj  rise  from  opposite  corners  through  holes  in  plate  A,  and 
p,  is  connected  to  an  insulated  copper  strip  cs  fixed  on  the  upper 
face  of  A.  A  second  brass  plate  b  is  fixed  about  \  in.  from  A, 
and  forms  a  little  more  than  half  a  disc,  so  that  it  only  partially 
covers  a.  Fixed  to  the  left-hand  side  of  b  is  an  adjustable  brass 
clamp  BC  to  which  one  end  of  the  wire  w  is  attached,  the  other 
end  being  fixed  to  a  small  pillar  d.  This  pillar  is  supported  on  a 
strip  of  ebonite  which  is  rigidly  fixed  to  b  near  the  centre,  but 
otherwise  free  from  it,  and  the  pillar  is  electrically  connected  to  b 
by  a  wire.  The  copper  strip  CS  is  connected  to  wire  w  by  means 
of  a  very  fine  spring  curUng  over  the  edge  of  b,  and  making 
contact  about  half-way  down.  A  little  to  the  right  of  this  a  fine 
wire  is  attached,  the  Other  end  of  which  is  fixed  to  the  insulated 
pillar  F,  and  near  the  centre  of  this  wire  is  attached  a  fine  silk 
thread  which  passes  round  a  pulley,  pivoted  in  jewels,  the  other 
end  of  the  silk  thread  being  fixed  to  a  steel  spring  s.  The  pivot 
carrying  the  pulley  also  carries  an  aluminium  pointer  and  an 
aluminium  disc  the  rim  of  which  moves  between  the  poles  of  a 
permanent  steel  m^net  M  fixed  to  b.  A  wire  is  connected  from 
the  plate  b  to  Pg. 

When  the  terminals  are  joined  to  the  circuit  a  large  fraction 
of  the  current  passes  from  one  to  the  other  across  the  metal 
strip  MS,  but  a  certain  fraction  passes  from  Pj  to  cs  through  spring 
to  wire  w,  dividing  at  this  point  to  BC  and  to  d,  uniting  again  at 
the  brass  plate  b.  This  shunt  current  can  be  made  any  fraction 
of  the  total  by  adjusting  the  resistance  of  the  metal  strip,  as 
explained  in  connection  with  the  Weston  ammeter.  The  current 
in  flowing  through  the  wire  w  beats  it,  the  heat  being  proportional 
to  the  square  of  the  cunent  and  to  the  resistance;  the  wire  con- 
sequently expands,  and  the  expansion  is  taken  up  by  the  steel 
spring  S,  which  causes  the  pointer  to  move  over  the  scale.  The 
aluminium  disc  moving  between  the  poles  of  the  permanent  steel 
magnet  has  eddy  currents  induced  in  it  which  tend  to  retard  the 
motion  which  produces  themj  this  brings  the  pointer  to  rest 
without  vibration  as  in  the  Weston  instruments. 

The  ebonite  strip  is  to  compensate  for  variation  in  temperature 
which  otherwise  would  not  give  the  same  ratio  of  expansion  of  the 
wire  w  and  brass  plate  b^.  The  ebonite  contracts  slightly  when 
warmed,  and  by  choosing  the  right  length  the  tension  on  the 


i^iCooc^lc 


INDICATING  INSTRUMENTS, 


127 


wire  w  is  kept  practically  constant  within  certain  variations  of 
temperature.  If  the  pointer  does  not  point  to  zero  at  any  time, 
it  can  be  made  to  do  so  by  turning  the  small  screw  at  the  side 
of  BC,  thus  increasing  or  diminishing  the  tension  on  the  wire  w. 

This  instrument  will  do  for  either  direct  or  alternating  currents, 
and  is  unaffected  by  ex- 
ternal magnetism.  Its  in- 
dications have  a  certain  lag, 
for  time  must  be  given  for 
the  whole  to  reach  its  final 
temperature  for  any  given 
current  Care  must  be 
taken  in  its  use,  for  if  too 
lai^e  a  current  be  sent 
through  it,  the  fine  wire  w 
will  be  fused. 

A  well-known  voltmeter 
working  on  this  principle 
is  illustrated  in  Fig.  49. 
It  is  known  as  the  Cardew 
hot-wire  voltmeter.  Inside 
the  circular  brass  box  are 
fixed  two  pieces  of  vulcan- 
ised fibre  VFi-  The  left- 
hand  piece  supports  two 
spring  clips  on  its  face  and 
two  angle  pieces  of  brass 
on  its  side.  One  clip  is 
connected  to  the  insulated 
terminal  t,  while  the  second 
clip  is  connected  to  one 
of  the  brass  angle  pieces. 
Two  german   silver   spiral 

springs  are  attached  one  to  '  '*'' ""' 

each  of  the   brass   angle 

pieces,  and  the  other  ends  of  the  spiral  springs  arc  joined  to  very 
fine  wires  of  platinum  silver  .0025  in.  diameter.  These  two  wires 
are  connected  tt^ether  at  the  top  by  an  insulated  brass  pin  running 
through  a  four-armed  brass  casting  carrying  a  pulley  set  in  jewels 
at  its  upper  end,  this  piece  being  screwed  to  the  top  of  a  tube 
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3  ft.  in  length,  made  of  brass  for  two^hirds  of  its  length  and  of 
iron  for  the  remaining  length.  A  connection  is  made  by  a  very 
fine  flexible  wire,  from  the  last  spiral  spring  to  a  third  length  of 
the  fine  platinum  silver  wire,  which  also  rans  up  the  tube,  over 
the  pulley  at  the  top,  and  down  again  to  the  adjustable  brass  piece 
attached  to  the  second  vulcanised  fibre  block  vFj.  Thus  all  four 
wires  in  the  tube  are  in  series.  A  fine  silk  thread  is  attached  to 
the  free  end  of  the  third  length  of  platinum  silver  wire,  which  is 
led  round  a  pulley  similar  to  that  described  in  connection  with 
the  hot-wire  ammeter,  and  the  end  is  attached  to  a  german  silver 
spring  GSS  at  the  bottom  of  the  circular  box.  The  adjustable 
brass  arm  on  VPj  is  connected  to  terminal  t^,  and  the  two  clips 
on  VF,  are  connected  by  a  fuse  wire  that  will  melt  with  a  smaller 
cunent  than  would  be  required  for  fusing  the  fine  wires  in  the 
tube,  llie  pointer  in  this  case  is  not  attached  to  the  pivot 
carrying  the  pulley,  but  to  a  second  one  connected  to  the  first 
with  fine  spur  wheels,  so  that  the  movement  of  the  pulley  is 
multiplied  up,  and  to  prevent  backlash  due  to  any  wearing  of  the 
teeth  the  one  is  pressed  against  the  other  with  a  fine  hair-spring. 

If  now  the  terminals  be  connected  to  any  two  points  at  a 
difference  of  potential,  a  current  flows  from  t,  to  fuse,  and  through 
the  german  silver  spring  up  one  length  of  wire,  down  another  to 
the  second  spiral  spring,  then  by  the  fine  wire  connection  to  the 
third  length  of  wire  over  the  pulley,  down  the  fourth  length  of 
wire  to  the  adjustable  brass  arm,  and  so  to  Tj.  The  current  in 
passing  down  the  two  first  lengths  of  wire  will  heat  them  and 
cause  expansion,  which  is  taken  up  by  the  spiral  springs  at  the 
bottom.  There  is  also  a  similar  expansion  in  the  other  two  wires, 
and  this  is  taken  up  by  the  german  silver  spring  gss  at  the 
bottom,  and  in  so  doing  gives  a  twist  to  the  pulley,  and  through 
the  gear  to  the  pointer. 

This  is  calibrated  to  read  in  volts,  and  usually  has  a  degree 
scale  as  well.  To  bring  the  pointer  to  the  zero  on  the  scale  a 
screw  s  can  be  turned  which  presses  against  the  adjustable  arm  aj. 
This  screw  is  insulated  where  it  comes  through  the  case.  The 
tube  is  made  of  two  metals  in  different  proportions,  so  that  the 
tube  and  wires  may  expand  at  the  same  rate  with  alterations  in 
temperature.  Two  out  of  the  four  lengths  of  wire  in  the  tube  are 
put  in  simply  to  increase  the  resistance. 

These  instruments  are  found  to  work  best  with  the  tube  in  a 
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horizontal  p>osition,  for  when  vertical  the  heat  from  the  lower 
portion  of  the  wires  ascends  to  the  top  of  the  tube,  and  the 
upper  part  gets  considerably  overheated. 

As  a  specimen  of  electro- static  instrument  we  may  take  I^rd 
Kelvin's  electro-static  voltmeter.  These  instruments  are  made  in 
three  distinct  types,  which  cover  a  range  from  40  to  100,000  volts. 

For  the  smaller  values  a  multicellular  arrangement  is  employed. 
Here  15  aluminium  vanes,  butterfly  shaped,  seen  in  Fig.  50,  are  all 
connected  to  a  vertical  spindle  at  a  unifonn  distance  apart  The 
lower  end  of  the  spindle  carries  a  small  metal  disc  which  moves  in 
a  tube  at  the  base  of  the  instrument  containing  oil,  and  forms  a 
very  efficient  damper.  This  spindle  with  the  vanes  attached  is 
suspended  from  a  support  in  connection  with  the  outer  metal  case 
by  a  platinum-iridium  wire,  and  a  pointer  formed  of  a  piece  of 
aluminium  wire  is  rigidly  attached  to  the  spindle  and  lies  in  a 
horizontal  plane,  the  end  of  the  pointer  being  bent  at  right 
angles  so  as  to  lie  over  the  scale  which  is  fixed  in  front  of  the 
instrument 

Partially  embracing  the  aluminium  vanes  are  rs  sector-shaped 
boxes  made  of  triangle-shaped  brass  plates,  fixed  horizontally  to 
two  brass  plates  at  one  edge.  Two  sets  of  these  boxes  are  very 
carefully  insulated  from  the  case,  and  supported  by  it,  so  that  the 
aluminium  vanes  are  free  to  move  between  the  sectors  against  the 
torsion  of  the  platinum-iridium  suspension,  and  the  pair  of  sector- 
shaped  boxes  are  connected  together  and  to  an  insulated  terminal 
OD  the  containing  metal  case. 

The  spindle  passes  through  two  small  guide  holes  to  prevent 
the  moving  part  from  accidentally  coming  into  contact  with  the 
fixed  sectors,  and  two  plates  of  insulating  material  prevent  the 
vanes  from  swinging  too  far. 

If  now  the  case  and  therefore  the  suspended  aluminium  vanes 
be  connected  to  one  point  in  a  circuit,  and  the  fixed  sectors  to 
another  point,  they  take  opposite  chaiges  depending  on  the 
difference  of  potential  between  the  two  points  to  which  they 
are  connected  and  on  the  capacity  of  the  instrument.  Mutual 
attraction  is  thereby  set  up  between  the  fixed  sectors  and  the 
aluminium  vanes  in  their  endeavour  to  increase  the  capacity. 
The  maximum  capacity  and  therefore  the  maximum  deflection  is 
obtained  when  the  aluminium  vanes  are  completely  covered  by 
the  brass  sectors. 
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The  quantity  of  electricity  ivhich  goes  to  charge  the  brass 
sectors  and  aluminium  vanes 

=  Q  =  vc, 
where  V  is  the  difference  of  potential  between  them  and  C  is  the 
capacity.     The  force  of  attraction  between  them 


Fig.  sa 

where  Qj  and  Q^  are  the  quantities  of  electricity  on  the  sectors  and 
vanes  respectively,  and  d\%  the  distance  between  them. 

Suppose  now  we  double  v,  then  both  Q|  and  q^  will  double  also. 
Therefore  r  will  be  four  times  as  great  as  before,  which  gives  rise 
to  a  movement  of  the  aluminium  vanes  till  the  force  of  attraction 
is  balanced  by  the  force  of  torsion  on  the  suspending  wire.    The 
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force  of  attraction  is  therefore  proportional  to  the  square  of  the 
potential  difference. 

The  outward  appearance  of  the  instrument  is  shown  in  Fig.  50, 
and  a  diagrammatic  view  of  the  working  parts  in  plan  is  given 
in  Fig.  SI. 

For  the  higher  values  only  two  sector  boxes  are  employed,  and 
these  are  arranged  in  a  vertical  direction  with  the  aluminium  vane 
supported  on  knife  edges  from  a  horizontal  support  at  the  centre, 
the  vane  in  this  case  being  larger  and  slightly  different  in  shs^. 
At  its  lower  end  a  small  stiinip  is  provided  on  which  small  weights 


Fig.  51- 


of  aluminium  wire  can  be  hung.  These  weights  increase  the  range 
of  the  instrument  by  increasing  the  controlling  force,  vhich  in  this 
case  is  due  to  gravity. 

These  instruments  are  arranged  in  metal  cases  which  screen 
them  from  any  electro-static  disturbances  from  outside.  They  are 
equally  accurate  with  alternating  and  direct  currents,  and  absorb 
absolutely  no  power.  They  are  also  independent  of  changes  in 
periodicity  on  an  alternating  cunent  circuit. 

The  insulation  resistance  of  electric-light  wiring,  street  cables, 
dynamos,  &c,  where   no  great  accuracy  is  required,  is  often 
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obtained  by  direct  reading  on  an  ohmmeter.  This  instrament, 
made  by  Messrs  Evershed,  consists  of  three  coils,  the  axis  of  one 
being  between  and  at  right  angles  to  the  axis  of  the  other  two, 
as  shown  diagram  mat  ically  in  Fig.  52.  Inside  the  centre  coil  is 
a  small  astatic  needle  of  iron  magnetised  by  the  current  in 
the  coils  AB.  To  the  spindle  carrying  the  needle  a  pointer  is 
attached  which  indicates  on  a  graduated  dial  marked  direct  in 
ohms  and  megohms.  The  two  coils  a  and  b  are  of  high  re- 
sistance, and  are  connected  in  series,  the  ends  being  connected 
to  two  terminals  on  the  top  of  the  instrument  a  and  b;  a  \% 
also  connected  to  the  centre  coil,  the  other  end  of  which  is 
connected  to  a  third  terminal  c.     A  fourth  terminal  d  is  also 


Fig.  S»- 

provided,  which  is  connected  to  ^  by  a  wire  under  the  cover  of 
the  instrument. 

A  small  magneto-generator  or  hand  dynamo,  with  permanent 
steel  magnets,  capable  of  developing  an  e.m.f.  of  from  100  to  1000 
volts  when  driven  at  about  60  or  70  revolutions  per  minute,  is 
provided  with  the  ohmmeter,  and  when  in  use  it  is  connected  to 
terminals  a  and  b,  the  +  and  -  mains  being  connected  to  c  and 
d  with  all  lamps  out  and  all  switches  on. 

When  the  magneto-generator  is  run  up  to  speed  a  current  flows 
through  coils  a  and  B,  creating  a  field  along  the  axis  of  the  coils, 
and  so  holding  the  needle  in  the  same  line.  The  pointer  in  this 
position  points  to  infinity,  for  when  the  needle  is  in  this  position 
there  can  be  no  current  in  the  coil  c,  and  therefore  the  resistance 
of  that  circuit  is  infinitely  great.    But  if  <^  be  connected  up  to  the 
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mains  in  the  way  described,  a  small  current  will  flow  through  the 
insulation  from  one  main  to  the  other,  the  strength  of  which 
depends  on  the  resistance  of  the  insulation.  If  therefore  we  get  a 
large  movement  of  the  needle,  it  follows  that  the  current  in  c  is 
larger  than  when  the  movement  is  less,  and  therefore  the  resistance 
between  c  and  d  is  less.  It  is  evident  that  we  could  calibrate  the 
scale  so  that  the  pointer  indicates  by  its  movement  the  resistance 
between  c  and  rf  starting  from  infinity.  The  generator  supplied 
develops  an  em.f.  (depending  on  the  purpose  for  which  it  is 
required)  at  any  speed  above  a  certain  minimum,  the  reaction  of 
the  armature  core  being  designed  to  keep  the  e.m.f.  practically 
constant  over  a  wide  range.  But  slight  variations  in  the  e.m.f. 
due  to  variations  in  the  speed  of  the  magneto-generator  do  not 
affect  the  result,  for  it  affects  the  deflecting  force  and  controlling 
force  to  an  equal  degree. 

This  instrument  is  useful  in  workshops  and  places  where  a 
Wheatstone  bridge  is  unworkable  except  by  highly  skilled  operators, 
for  it  enables  faults  to  be  detected  while  the  work  is  in  progress 
by  wholly  unskilled  workmen. 

The  magneto^enerator  employed  should  develop  an  e.m.f.  at 
least  equal  to  the  working  pressure  of  the  dynamo,  cable,  &c., 
under  test,  and  it  is  better  to  make  the  test  under  twice  the 
normal  working  pressure  if  possible. 
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CHAPTER  X. 

ELECTRICITY  SUPPLY  METERS. 

We  now  turn  to  consider  a  diflerent  type  of  instrument,  viz.,  the 
electricity  supply  meter.  To  the  engineer  it  is  a  very  important 
instrument,  for  on  its  accurate  reading  depends  the  return  for  the 
power  supplied,  and  when  it  is  remembered  that  many  companies 
have  not  one  but  often  several  thousand  meters  connected  to 
their  mains,  it  is  seen  that  unless  they  be  accurate  and  reliable 
a  very  fair  loss  may  arise  in  the  annual  returns.  Of  course  the 
instrumental  errors  may  be  on  the  other  side,  and  the  meter,  if 
inaccurate,  may  indicate  too  much ;  but  this  is  almost  as  unsatis- 
factory to  the  engineer,  for  the  consumer  becomes  dissatisfied, 
and  is  often  sending  complaints,  especially  when  the  bills  are 
sent  in,  and  he  soon  gets  the  idea  that  electricity  is  an  expensive 
illuminant  For  this  reason  the  meter  should  be  checked  occa- 
sionally, but  not  too  frequently,  say  once  a  year,  or,  if  of'a  reliable 
and  well-tried  make,  say  once  in  three  years. 

In  the  early  days  of  electrical  engineering  it  was  usual  to 
charge  so  much  per  lamp  per  annum,  but  this  soon  proved  un- 
satisfactory, for  certain  consumers  required  the  power  for  much 
longer  times  than  others,  which  made  the  cost  very  unequally 
divided,  and  led  to  very  great  waste  of  energy,  for  there  was  no 
incentive  to  turn  off  the  supply  when  done  with,  and  it  was  not 
till  a  fairly  practical  meter  was  invented  that  an  electrical  supply 
to  the  public  became  a  commercial  success. 

The  supply  meter  has  to  measure  the  power  and  also  the  time 
the  power  is  used,  that  is,  it  must  record  the  total  work  repre- 
sented by  the  power  consumed,  for  work  done  is  equal  to  "power 
X  time."  It  has  therefore  to  record  the  product  of  volts,  amperes, 
and  time  in  certain  units  that  have  been  adopted  by  the  Board  of 
Trade.  The  unit  is  consequently  known  as  the  "  Board  of  Trade  " 
unit,  and  is  equal  to  1,000  volt  ampere  hours  or  1,000  watt  hours. 
Thus  if  we  use  a  current  of  10  amperes  under  a  pressure  of  100 
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volts  for  I  hour,  then  we  have  consumed  i  Board  of  Trade  unit, 
for  which  we  must  pay  the  price  charged  by  the  particular  com- 
pany from  which  we  obtained  the  supply,  this  varying  considerably 
according  to  locality. 

Now  a  meter  may  be  made  to  record  Board  of  Trade  units  by 
simply  integrating  current  and  time,  for  the  supply  company  are 
bound  to  keep  the  pressure  practically  constant,  and  therefore 
the  ampere  hours  can  be  converted  into  watt  hours  by  a  constant 
multiplier,  100  or  200,  as  the  case  may  be.  But  even  this  is  un- 
necessary, for  the  meter  can  be  calibrated  and  marked  in  Board 
of  Trade  unils,  which  will  then  be  correct  for  one  particular 
voltage  circuit  but  for  no  other.  Thus,  suppose  the  current  be 
10  amperes,  and  it  be  kept  on  for  i  hour,  then  if  the  supply  be  at 
100  volts,  the  indication  of  the  meter  could  be  markud  "one" 
Board  of  Trade  unit.  If  now  this  same  meter  be  connected  to  a 
300  volt  circuit,  and  10  amperes  again  flow  through  it  for  i  hour, 
it  would  still  read  cw  Board  of  Trade  unit,  whereas  now  it  should 
read  /ivc  units.  Such  meters,  which  take  no  account  of  differences 
in  pressure,  are  known  as  ampere-hour  meters,  while  those  that 
indicate  true  power  on  any  voltage  circuit  are  called  watt-hour 
meters. 

Meters  of  all  kinds  can  be  divided  Into  three  groups — (i) 
Those  intended  for  direct  current  circuits  only ;  (j)  those  intended 
for  alternating  current  circuits  only ;  and  (3)  those  intended  to 
work  on  either  direct  or  alternating  current  circuits. 

A  good  meter  should  embody  the  following  conditions — (1) 
Accuracy  at  all  loads  ;  (2)  should  start  from  rest  with  a  very  small 
current;  (3)  there  should  be  no  possibihty  of  tampering  with  it; 
(4)  it  should  be  unaffected  by  external  magnets,  iron  masses,  and 
extreme  differences  of  temperature ;  (5)  it  should  consume  very 
little  power  and  cause  no  appreciable  fall  in  the  pressure ;  (6)  it 
should  be  dust  proof  and  damp  proof;  {7)  must  not  be  very 
expensive. 

As  already  pointed  out,  the  first  of  these  conditions  is  of 
very  great  importance  to  the  consumer  and  engineer  alike.  The 
second  is  of  aJl  importance  to  the  engineer,  and  of  no  consequence 
to  the  consumer,  for  if  (as  was  often  the  case  with  early  forms)  the 
consumer  switched  on  one  lamp,  and  Che  current  taken  by  it  was 
not  sufficient  to  start  the  meter,  he  might  keep  it  alight  continu- 
ously, and  be  charged  nothing  for  the  power  consumed.    This  in 
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a  single  case  may  not  be  a  large  item,  but  if  there  are  several 
hundreds  or  thousands  of  such  meters  installed  it  becomes  a  very 
considerable  item  indeed. 


Some  unscrupulous  persons  have  been  known  to  exereise 
their  ingenuity  in  arranging  a  large  magnet  or  piece  of  iron  in 
such  a  position  close  to  the  meter  as  to  greatly  affect  its  true 
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iDdications,  hence  the  importance  oF  the  third  condition.  The 
remaining  conditions  will  be  self-evident. 

Let  us  now  consider  certain  types,  and  see  how  far  they 
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conform  to  the  conditions  laid  down.  We  will  start  with  a  well- 
known  instrument  known  as  the  "Chamberlain  &  Hookham" 
meter,  considering  only  the  btcst  form,  which  is  shown  infection 
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and  elevation  in  Figs.  53,  54.  Here  a  large  permanent  steel 
magnet  a  of  D  shape  is  supported  from  the  top  of  the  containing 
case,  and  the  lield  is  led  from  pole  to  pole,  first  by  bars  of  iron  b 
to  a  Email  chamber  L  containing  mercury  and  a  thin  disc  of  copper 
having  radial  cuts  and  insulated  all  over  except  at  the  edge. 
This  copper  disc  N  is  mounted  on  a  fine  spindle  which  is  provided 
at  its  lower  end  with  a  jewelled  bearing.  The  magnetic  field 
being  led  to  this  box,  passes  in  part  across  it  at  right  angles,  and 
in  part  across  a  small  space  above  it,  in  which  a  second  small 
disc  O  of  aluminium,  fixed  to  the  same  spindle  as  carries  the  lower 
disc,  is  free  to  rotate.  The  iron  pillars  e  conducting  the  field 
across  this  upper  space,  four  in  number,  are  turned  down  at  F 
so  that  the  iron  at  this  part  shall  be  magnetically  saturated.  'J'he 
piece  of  iron  g  having  a  few  turns  of  thick  wire  wound  on  it  com- 
pletes the  magnetic  circuit  from  one  side  to  the  other. 

The  magnetic  circuit  is  thus  seen  to  be  in  parallel,  part  passing 
through  one  half  of  the  lower  box  in  one  direction  and  then 
through  the  other  half  in  the  opposite  direction,  while  another 
part  of  the  field  passes  up  through 
^^-.•■'. ::?.---.-.'■'-: :7!?>\  one  half  of  the  aluminium  disc 
in  one  direction  and  down 
through  the  other  half  in  the 
opposite  direction,  and  so  both 
parts  completing  their  circuit  to 
the  other  pole  by  the  second  iron 
bar.  This  is  shown  diagram- 
matically  in  Fig.  SS-  The  small 
disc  of  copper  in  the  mercury 
chamber  is  faced  with  vulcanised 
fibre,  and  is  so  adjusted  with 
regard  to  its  weight  that  it  just 
floats  in  the  mercury  when  at 
rest.  In  future  we  shall  refer 
to  this  piece  as  the  armature.  The  upper  disc  of  aluminium  forms 
a  very  excellent  brake  or  retarding  force  which  varies  with  the 
speed.  This  is  due  to  the  currents  which  are  induced  in  ihe  disc 
by  its  movement  in  the  ununiform  magnetic  field.  The  currents  so 
induced,  according  to  Lenz's  law,  oppose  the  motion  producing 
them,  and  consequently  the  disc  experiences  a  force  tending  to 
drive  it  in  the  contrary  direction  to  that  which  gives  rise  to  it. 
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The  current  to  be  metered  enters  by  one  terminal  i  at  the  bottom 
and  passes  by  a  strip  of  copper  e  to  the  mercury  chamber.  This 
strip  is  insulated  everywhere  except  at  the  edge  forming  part  of 
the  inside  wall  of  the  mercury  chamber.  A  second  similar  strip 
leads  the  current  to  the  second  terminal.  The  current  therefore 
flows  across  the  mercury  and  copper  armature  at  right  angles  to 
the  direction  of  the  magnetic  field.  Owing  to  the  deep  radial 
slits  in  the  copper  armature  the  current  flows  in  it  across  a 
diameter. 

Considering  only  one  half  of  this  armature,  there  will  be  a 
force  developed  in  that  half  when  a  current  flows  tending  to 
ui^e  it  at  right  angles  to  the  direction  of  the  field,  the  force  in 

dynes  being  equal  to  (see  page  6;).    Now  the  same  current 

flows  in  the  other  half  of  the  armature,  and  if  the  field  were  in  the 
same  direction  there  would  be  an  equal  force  on  this  half  tending 
to  ui^e  it  in  the  same  direction,  and  consequently  the  armature 
would  not  move  whatever  strength  current  be  employed.  But  as 
we  have  seen,  the  field  in  the  second  half  is  in  the  opposite 
direction  to  that  in  the  first  half,  and  consequently  that  half  of 
the  armature  is  urged  in  a  contrary  direction.  Viewed  from  the 
top,  we  can  imagine  the  one  half  to  be  urged  from  left  to  right, 
then  the  second  half  would  be  urged  from  right  to  left,  which 
is  the  direction  required  to  make  the  armature  rotate. 

This  being  an  ampere-hour  meter,  the  speed  of  the  armature 
must  be  proportional  to  the  current  strength,  for  the  revolutions 
of  the  armature  are  recorded  on  a  train  of  dials  calibrated  in 
Board  of  Trade  units,  and  therefore  any  increase  in  the  current, 
and  so  in  the  power  absorbed,  must  (while  it  lasts)  be  recorded 
by  an  increase  in  the  armature  speed  in  proportion  to  the  increased 
rate  of  power  consumption. 

Now  the  driving  torque  on  the  armature  is  proportional  to  (i) 
the  intensity  of  the  field ;  (2)  the  length  of  the  conductor  carry- 
ing the  current  in  the  field ;  and  (3)  (he  strength  of  the  current, 
(i)  and  (2)  are  fixed,  and  therefore  the  driving  torque  is  propor- 
tional to  the  strength  of  the  current. 

If  there  were  no  retarding  forces,  the  smallest  possible  current 
would  set  the  armature  rotating,  and  it  would  soon  get  up  to  a 
high  speed,  and  we  should  get  no  measure  of  the  power  consumed. 
But  there  are  several  retarding  forces,  viz.,  friction  at  the  bearings 


i^iCooc^lc 


MO  ELECTRICAL  ENGINEERING. 

and  train  of  wheels,  friction  between  the  mercury  and  walls  of  the 
mercury  chamber,  and  air  friction,  all  of  which  must  be  com- 
pensated for.  Then  we  have  the  retarding  force  due  to  the  eddy 
currents  induced  in  the  brake  disc  which  is  proportional  to  the 
speed.  If  therefore  the  other  retarding  forces  are  properly  com- 
pensated for,  the  speed  of  the  armature  will,  owing  to  the  brake, 
be  proportional  to  the  current. 

The  upper  end  of  the  armature  spindle  is  furnished  with  a 
pinion  gearing  into  a  wheel,  and  the  spindle  which  carries  this 
wheel  is  abo  furnished  with  a  worm  which  gears  into  the  first 
wheel  of  the  train.  The  armature  spindle  is  provided  at  its  upper 
extremity  with  a  very  fine  pivot  which  when  at  rest  presses  very 
lightly  against  a  fine  jewelled  bearing,  owing  to  the  armature 
floating  in  the  mercury.  The  friction  at  the  bearings  would  of 
course  be  relatively  very  great  at  light  load,  for  then  the  driving 
force  is  very  small,  but  at  such  times  the  armature  is  practically 
floating.  At  heavier  loads,  when  the  armature  runs  faster,  owing 
to  the  increased  driving  torque,  the  friction  is  relatively  for  less 
imp>ortant,  and  owing  to  the  centrifugal  action  of  the  mercury, 
the  armature  foils  on  to  the  lower  stronger  bearing,  and  SO  saves 
the  wear  which  would  otherwise  come  on  the  more  dilicnte  upper 
bearing. 

The  fluid  friction  is  compensated  for  by  winding  three  or  four 
turns  on  the  iron  yoke  above  the  brake  disc  and  leading  the  current 
round  in  a  direction  tending  to  reverse  the  field.  At  light  load, 
when  the  friction  of  the  air  and  mercury  is  very  small,  and  there- 
fore unimportant,  the  ampere  turns  provided  are  not  sufficient  to 
affect  the  brake  field,  but  as  the  load  increases,  and  with  it  the 
speed  of  the  mercury  and  armature,  the  dentagnetising  influence 
of  this  coit  begins  to  weaken  the  brake  field,  and  cause  more  lines 
to  cross  the  armature.  Thus  the  retarding  force  is  slightly  lowered 
and  the  driving  force  slightly  raised  by  its  action,  which  can  be 
arranged  to  completely  compensate  for  the  extra  friction  at  higher 
speeds. 

Should  the  large  steel  magnet  fall  off  in  strength,  it  would 
affect  both  the  armature  and  the  brake  field,  but  not  in  the  same 
way,  otherwise  the  variation  in  the  strength  of  the  magnet  would 
not  affect  the  accuracy  of  the  meter.  But  an  alteration  in  the 
strength  of  the  armature  field  alters  the  driving  torque  in  the 
same  proportion,  whereas  the  same  alteration  in  the  brake  field 
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wuuld  cause  the  brake  action  to  vary  proportional  to  the  square 
of  the  field,  for  the  power  developed  in  the  brake  depends  on  the 
product  of  the  e.m.f.  developed  in  it  and  the  induced  current 
flowing  under  this  e.[n.f ,  both  of  which  would  vary  with  a  given 
speed  if  the  field  strength  varied. 

This  is  prevented  to  a  large  degree  by  turning  down  the  lower 
pillars  carrying  the  brake  field,  so  that,  being  practically  saturated, 
the  field  strength  at  these  parts  and  therefore  across  the  brake 
disc  does  not  alter  in  proportion  to  the  alteration  in  the  strength 
of  the  magnet,  and  by  so  adjusting  the  amount  tunied  down  the 
accuracy  of  the  meter  for  a  fairly  large  change  in  the  strength  of 
the  magnet  is  not  materially  afTected. 

The  length  of  the  air-space  in  which  the  brake  disc  rotates 
can  be  adjusted  by  means  of  the  nuts  which  clamp  the  upper 
pole  pieces  in  position.  The  bolts  on  which  these  clamping 
nuts  screw  also  carry  the  train  of  wheels  rigidly  fixed  at  their 
upper  ends. 

All  meters  of  this  make  have  the  same  gearing,  and  therefore 
each  meter  must  make  the  same  number  of  revolutions  for  one 
Board  of  Trade  unit  In  adjusting  a  number  of  them  to  read 
correctly,  they  would  all  be  connected  in  series,  and  the  same 
current  sent  through  them,  then  all  ought  to  be  running  at  the 
same  rate,  and  by  putting  a  mark  on  each  brake  disc  the  number 
of  revolutions  per  minute  of  each  can  be  easily  measured.  Accord- 
ing to  the  ratio  of  the  gearing  employed,  the  armatures  must  make 
a  certain  definite  number  of  revolutions  for  one  Board  of  Trade 
unit,  say  3,000,  and  if  the  current  be  say  10  amperes  at  loo  volts, 

then  the  armatures  must  rotate  ■^- —  =  50  revolutions  per  minute. 

Or  again,  if  the  current  be  say  ao  amperes  at  100  volts  =  2000 
watts,  then  this  must  be  kept  on  for  half  an  hour  to  consume  one 
Board  of  Trade  unit,  and  therefore  in  half  an  hour  the  armature 

must  have  made  1,000  revolutions,  or  ^ =  100  per  minute. 

30 

Suppose  one  of  the  meters  is  found  to  be  running  too  slow, 
it  can  be  made  to  run  faster  by  increasing  the  length  of  the 
air-gap  in  the  brake  field,  or  it  may  be  shortened  if  the  meter  is 
running  too  fast. 

But  when  it  is  adjusted  to  run  correctly  at  one  particular  load, 
it  does  not  follow  that  it  will  run  correctly  at  all  loads,  this  de- 
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pending  on  whether  the  variable  sources  of  friction,  &c.,  have 
been  altc^ether  compensated  at  all  loads.  This  is  very  difficult 
to  accomplish,  and  is  seldom  met  with  in  practice. 

Fig.  56  shows  a  typical  curve  of  constant  for  a  meter  which 
will  serve  for  illustration.  If  the  meter  is  accurate  throughout, 
we  get  a  straight  line  for  the  constant.  But  here  the  curved  line 
of  constant  shows  that  at  light  loads  the  meter  runs  too  slow, 
owing  to  the  unbalanced  friction,  which  is  relaiively  great  at  light 
loads.  At  about  4  amperes  the  meter  is  reading  correctly,  for 
there  the  driving  torque  has  so  increased  as  to  render  the  solid 
liriction  negligible.     Beyond  this  part  the  meter  runs  slightly  too 
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Fig.  56. 


fast,  owing  to  over-compensating  for  fluid  friction,  which  has  been 
found  necessary  for  the  higher  loads,  At  about  16  amperes  the 
meter  reads  correctly  once  more,  while  beyond  that  the  readings 
are  again  too  low,  for  at  the  higher  loads  the  fluid  friction  is 
relatively  much  greater,  and  if  completely  compensated  for  at 
these  loads  would  considerably  overdo  it  for  intermediate  values. 
The  variation  in  the  constant  must  be  kept  within  3  per  cent, 
either  way,  for  that  is  the  limit  set  by  the  Board  of  Trade. 

We  will  now  consider  another  type,  known  as  the  "  Thomson- 
Houston"  meter  (Fig.  57).  This  is  a  watt-hour  meter,  and  will 
serve  equally  well  for  either  direct  or  alternating  currents.     It 
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approximates  more  nearly  to  an  ordinary  electric  motor  than  the 
"Chamberlain  &  Hookham,"  as  will  be  seen  from  an  inspection 
of  the  diagram  given  in  Fig.  58. 

An  armature  A  is  built  up  on  a  spindle  s  without  any  iron  in 
its  construction,  the  frame  consisting  of  thin  cardboard  or  ebonite, 
octagonal  in  section,  wound  over  with  fine  wire,  joined  in  a  series  of 
coils,  and  the  beginning  of  one  coil  and  the  end  of  the  next  are 
connected  together,  and  also  joined  to  one  part  of  a  small  silver 
commutator  at  one  end  of  the  armature.  This  is  mounted  in  a 
vertical  position,  and  the  lower  end  of  the  armature  spindle  rests 


Fig-  57. 

on  a  special  jewelled  bearing  p.  Fine  silver  brushes  press  lightly 
on  the  commutator,  and  lead  the  current  into  and  out  of  the  arma- 
ture, these  brushes  being  insulated  and  fixed  to  the  back  of  the 
instrument. 

Embracing  the  armature  are  the  two  thick  wire  coils  C  clearly 
seen  in  the  diagram  which  carry  the  main  current,  and  these  are 
fixed  on  a  small  bracket  of  gun-metal  projecting  from  the  case. 
When  a  current  flows  in  the  coils  a  magnetic  field  is  created 
through  the  space  occupied  by  the  armature,  ihe  strength  of  the 
field  being  proportional  to  the  current  flowing  in  the  coils. 
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The  armature  is  connected  through  a  high  resistance  R  (about 
3,000  ohms  wound  non-inductively,  i.e.,  to  produce  no  magnetic 
effect,  placed  at  the  hack  of  Ihe  instrument)  to  the  mains,  and 
therefore  carries  but  a  small  current  which  is  directly  proportional 
to  the  potential  difference  of  the  mains.  This  current  flows  con- 
tinuously, whether  there  be  a  current  in  the  main  coils  or  not. 

When  a  current  flows  in  the  field  coils,  and  we  get  the  field 
established  across  the  armature,  the  armature  conductors  carrying 
the  shunt  current  tend  to  rotate.     In  fact,  we  have  in  miniature 


Fig.  s8. 

every  essential  found  in  Che  ordinary  electric  motor,  but  iron  is 
not  employed  in  any  part  of  its  construction. 

The  torque  or  turning  effort  depends  on  (i)  the  current  in  the 
armature  conductors ;  (z)  the  length  of  the  conductors  carrying 
the  current ;  and  (3)  on  the  strength  of  the  magnetic  field  in 
which  the  armature  rotates.  The  current  in  the  armature  is  pro- 
portional to  the  p.d.  of  the  mains,  and  varies  with  it.  The  strength 
of  the  field  in  which  the  armature  rotates  depends  on  the  strength 
of  the  current  in  the  field  coils,  and  varies  with  it,  and  the  length 
of  the  armature  conductors  is  fixed  once  the  instrument  is  wound. 
Therefore  the  driving  force  depends  only  on  the  strength  of  the 


i^iCooc^lc 


ELECTRICITY  SUPPLY  METERS.  145 

current  and  the  p.d.,  and  is  proportional  to  the  product  of  the 
Xxo,  that  is,  proportional  to  the  watts. 

The  retarding  force  or  brake,  which  makes  the  revolutions  of 
(he  armature  proportional  to  the  power,  is  produced,  as  in  the 
"Chamberlain  &  Hookham,"  by  eddy  currents  induced  in  a  small 
aluminium  disc  D  attached  to  the  lower  end  of  the  armature  spindle, 
as  it  rotates  between  the  poles  of  two  or  three  permanent  steel 
magnets  m,  wh  ich  have  been  specially  treated  to  ensure  permanency. 

There  is  a  certain  amount  of  friction  to  be  compensated  for  in 
the  bearings  and  counting  train,  in  the  brushes,  and  in  air  friction 
which  is  accomplished  by  placing  inside  the  field  coils  other  coils  r 
wound  with  fine  wire,  and  connected  in  the  armature  or  shunt 
circuit  As  this  armature  current  flows  continuously,  there  will 
always  be  a  certain  small  field  acfoss  the  armature,  the  strength 
of  which  can  be  adjusted  within  certain  limits  by  bringing  the 
coils  nearer  to  or  further  from  the  armature.  Evidently,  then,  we 
can  so  adjust  the  position  of  these  coils  that  the  armature  is  on 
the  point  of  running  without  there  being  any  current  in  the  main 
coils,  so  that  on  switching  on  the  smallest  current  desirable  the 
meter  will  start  off. 

But  we  cannot  compensate  to  such  a  degree,  for  if  the  meter 
had  a  slight  vibration,  or  the  e.m.f.  should  rise  ever  so  little,  the 
meter  will  start  running,  though  there  be  no  current  in  the 
main  coils,  and  it  will  also  tend  to  keep  running  for  some  time 
after  the  load  is  switched  off,  which  is  technically  known  as 
"running  on  the  shunt"  The  instrument  has  therdbre  a  rather 
high  starting  current,  and  there  is  a  loss  of  power  in  the  shunt 
circuit  common  to  all  watt-hour  meters.  Suppose  the  resistance 
of  the  shunt  circuit  he  say  3,000  ohms,  then  the  current  through 
it  is  equal  to  ^*'^=^  ampere,  which  at  100  volts  means  a  loss  of 
100x^^=3.3  watts  continuously,  01  nearly  39  Board  of  Trade 
units  in  the  year.  It  has,  however,  several  advantages.  The  one 
instrument  will  serve  for  a  great  variety  of  work,  and  measures 
true  power  on  either  alternating  or  direct  current  circuits.  The 
variation  in  constant  over  most  of  the  range  is  small,  and  does 
not  appreciably  vary  with  changes  in  the  declared  pressure  within 
10  per  cent  either  way. 

Another  type  of  instrument  is  now  used  very  extensively, 
known  as  the  "  Aron  "  meter.  In  its  earliest  form  it  consisted  of 
two  clocks  placed  side  by  side  in  a  case,  and  adjusted  to  tun 
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synchronously.  One  of  the  clocks  was  furnished  with  an  ordinary 
pendulum  of  brass,  the  other  carried  a  magnet  at  its  lower  end 
arranged  so  as  to  swing  freely  over  a  coil  of  thick  copper  wire.  If 
the  coil  had  no  current  flowing  in  it,  the  magnet  pendulum  would 
be  uninfluenced,  and  the  two  clocks  would  run  at  equal  rates.  If, 
however,  a  current  be  sent  through  the  coil,  the  magnet  pendulum 
runs  faster  than  the  other,  for  when  the  magnet  is  carried  past  the 
coil  at  either  end  the  magnetic  field  due  to  the  current  in  the  coil 


Mg-  59- 

tends  to  draw  it  hack,  giving  the  effect  of  a  shorter  pendulum, 
and  the  difl'erence  in  the  rate  of  the  two  clocks  can  thus  be  made 
a  measure  of  the  ampere  hours. 

The  meter  so  made  had  several  serious  drawbacks.  It  was 
very  difficult  to  so  adjust  the  two  clocks  that  they  would  run  for 
any  length  of  time  synchronously ;  then  the  two  clocks  required 
winding  up  very  frequently.  The  pendulums  being  long,  it  was 
necessary  to  disconnect  them  before  the  meter  could  be  sent  by 


i^iCooc^lc 


ELECTRICITY  SUPPLY  METERS.  147 

rail,  and  therefore  the  instrument  could  not  be  sealed  by  the 
maker.  Again,  the  consumer  could  not  read  the  meter  for  him- 
self, for  the  difference  in  the  rate  of  the  two  clocks  had  to  be 
multiplied  by  a  constant  to  convert  the  readings  into  proper  units. 
It  was  also  not  uncommon  to  And  one  or  both  of  the  clocks 
Slopped  for  some  unknown  reason.  Then  again  the  meters  would 
only  serve  for  direct  currents,  and  they  were  ampere-hour  meters 
and  not  watt  meters. 


Fig.  60. 

A  very  great  improvement  was  made  later  by  connecting  the 
wo  clocks  with  a  differential  gear,  so  that  only  the  (/^^freHce  in  the 
ate  of  the  two  clocks  was  registered  on  a  single  set  of  dials  (see 
Fig.  59),  and  a  further  improvement  was  effected  by  replacing  the 
magnet  with  a  coil  of  fine  wire  in  series  with  a  high  resistance, 
connected  as  a  shunt  across  the  mains.  This  coil,  wound  on  a 
wooden  rod,  created  a  magnetic  field  proportional  to  the  pressure, 
converting  the  meter  into  one  registering  watt  hours,  and  making 
it  suitable  for  eitlier  direct  or  alternating  currents. 
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Quite  recently,  however,  the  inventor  (Dr  Aron)  has  brought 
forward  a  pattern  which  appears  to  have  eliminated  all  the  draw- 
backs enumerated  above,  the  instrument  being  highly  sensitive 
and  very  accurate.  It  automatically  winds  itself  up  the  moment 
an  e.m.f.  is  applied  to  its  terminals,  one  winding  mechanism  serv- 
ing for  both  clocks.  The  pendulums  are  very  much  shorter  than 
formerly,  and  are  rigidly  connected  to  their  spindles,  which  allows 
of  the  instrument  being  sealed  before  leaving  the  maker.  Any  want 
of  synchronism  is  automatically  adjusted,  making  the  clocksalmost 
independent  of  any  initial  adjustment.  The  clocks  start  olf  with- 
out having  to  start  the  pendulums  or  in  any  other  way  interfere 
with  the  instrument  (see  Fig.  66). 

The  differential  driving  gear  which  transmits  the  power  to  the 
two  clocks  in  such  a  way  as  to  allow  of  independent  motion  will 
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Fig.  6i. 

be  best  understood  from  a  study  of  Fig.  6i.  The  horizontal 
spindle  is  connected  to  the  driving  spring,  and  passes  freely  through 
the  centre  of  the  two  crown  wheels.  At  a  point  between  the  two 
crown  wheels  it  is  rigidly  attached  to  a  second  spindle  at  right 
angles,  on  the  top  of  which  is  placed  a  planet  wheel,  free  to  rotate 
on  the  spindle,  but  which  engages  into  the  two  crown  wheels.  If 
now  the  horizontal  spindle  be  rotated  by  the  spring,  the  motion 
will  be  transmitted  to  the  crown  wheels  through  the  planet  wheel, 
which  will  remain  stationary  on  its  spindle,  and  the  two  crown 
wheels  will  be  urged  round  with  equal  force.  Each  crown  wheel 
is  the  first  of  a  train  of  clockwork,  and  consequently  both  sets  of 
clockwork  will  be  set  in  motion  with  equal  force. 

But  suppose  one  crown  wheel  has  to  overcome  a  greater  friction 
'an  the  other,  or  is  retarded  in  any  way,  it  will  not  affect  the 
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driving  of  the  other  clock,  for  the  planet  wheel  would  continue  to 
drive  both  with  equal  force  by  rolling  on  the  slower  moving  crown 
wheel,  and  by  so  doing  would  drive  the  other  at  a  faster  rate,  thus 
emphasising  the  difference  in  the  rate  of  movement.  Should  one 
crown  wheel  be  held  fixed,  then  the  planet  wheel  rolling  on  this 
would  drive  the  other  at  twice  the  original  speed,  which  is  one 
point  in  making  its  indications  very  sensitive.  A  view  of  the 
arrangement  is  given  in  Fig.  62. 

Each  pendulum  carries  at  its  lower  end  a  coil  ofwirewi,  and  the 
two  coils  are  connected  in  scries  with  each  other,  and  with  a  coil 
of  wire  fixed  inside  the 
case  and  wound  non-in- 
ductively,  which  forms 
the  shunt  circuit  of  the 
instrument.  Any  differ- 
ence in  the  rate  of  the 
two  clocks  is  due  to  the 
pendulums  being  both 
influenced  by  the  current 
in  the  main  coils  which 
are  placed  one  under 
each  pendulum,  con- 
nected up  so  that  the 
current  flows  through 
them  in  opposite  direc- 
tions. Both  pendulums 
are  thus  influenced,  that 
is  to  say,  if  the  current 
would  cause  one  clock 
to  run  fast,  it  would  also 
cause  the  other  to  run 
slow,  which  further  in- 
creases the  sensitiveness 
of  the  instrument. 

At  the  other  end  of  ^fi'  ^^ 

each  train  of  clockwork 

a  second  crown  wheel  is  fixed,  exactly  similar  to  the  driving  crown 
wheel  mentioned  above,  but  made  rather  lighter,  and  the  two 
crown  wheels  are  connected  through  a  planet  wheel,  also  exactly 
similar  to  the  driving  planet  wheel,  and  now  the  action  is  reversed; 
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the  crown  wheels  drive  the  planet  wheel.  But  as  the  two  sets 
of  clockwork  are  driven  in  the  same  direction,  and  as  the  record- 
ing differential  gear  has  to  show  i^^  difference  in  the  speed  of  the 
two  clocks,  it  is  necessary  that  the  crown  wheels  should  move 
in  opposite  directions,  consequently  one  set  of  clockwork  has  a 
small  change  wheel  r'g  (Fig.  66),  interposed  in  its  gearing,  so  that  the 
recording  crown  wheels  move  in  opposite  directions.  The  spindle 
carrying  the  recording  planet  wheel  is  connected  to  the  first  wheel 
in  the  recording  train,  and  its  revolutions  in  any  given  time 
thereby  recorded, 

If  now  both  clocks  be  running  at  equal  rates,  the  axle  carrying 
the  planet  wheel  will  not  move,  the  wheel  simply  rolling  on 
the  two  crown  wheels.     Should,  however,  one  clock  run  faster 


than  the  other,  the  planet  wheel  will  revolve  slowly  on  its 
spindle,  and  will  be  carried  forward  by  the  faster  moving  crown 
wheel,  with  a  speed  proportional  to  the  difference  in  the  speed 
of  the  two  crown  wheels,  and  consequently  this  difference  in  the 
rate  of  the  two  clocks  is  transmitted  to  the  recording  train  of 
wheels. 

It  would  of  course  be  extremely  difficult  to  adjust  the  clocks 
so  as  to  run  synchronously  for  long  periods,  but  this  difficulty  has 
been  entirely  overcome  by  a  very  ingenious  device  shown  in  Figs. 
64-67. 

Once  every  twenty  minutes  the  clockwork  winds  up  a  small 
spiral  spring  /  which  at  the  end  of  its  travel  is  suddenly  released  by 
a  locking  lever  r  being  raised,  and  the  spindle  connected  to  the 
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spring  is  suddenly  turned  through  360°.  This  is  geared  through  i,  t, 
to  a  second  spindle  carrying  a  commutator  which  is  turned  by  it 
through  180*.  The  commutator  is  connected  to  the  fine  wire 
coils  on  the  pendulum,  and  the  current  is  led  into  and  out  of 
them  by  brushes  pressing  on  the  commutator,  consequently  when 
the  commutator  is  thrown  over  in  the  way  described  the  current 
in  the  swinging  coils  will  be  reversed.  This  of  course  would  re- 
verse the  recording  of  the  dials,  but  the  record  is  made  continuous 
by  means  of  a  small  eccentric  a  on  the  end  of  the  commutator 
spindle  throwing  over  a  lever  b  (Fig.  67),  which  slides  a  reversing 


Jig.  65. 


bevel  wheel  e  into  the  recording  train  at  the  same  time  that  the 
current  is  reversed  in  the  swinging  coils  by  the  reversal  of  the 
commutator. 

Now  suppose  the  two  clocks  be  out  of  synchronism,  then  in 
the  first  twenty  minutes  the  record  would  be  too  large,  but  in  the 
next  twenty  minutes  it  would  be  as  much  too  little,  and  so  the 
error  would  be  cancelled. 

The  electrical  winding  mechanism  is  interesting.  It  consists 
of  a  small  electro-magnet,  having  shaped  pole  pieces  as  shown  in  a. 
Fig.  68.    An  armature  b  inside  the  pole  pieces  is  capable  of  being 
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moved  through  a  small  angle  under  the  action  of  the  electro- 
magnet when  excited.  Inside  the  armature  is  placed  a  small 
clock  spring  which  is  wound  up  due  to  the  pull  on  the  annature 
by  the  electro-magnet  once  every  twenty  or  thirty  seconds,  and  by 
means  of  a  ratchet  wheel  k  and  pawl/  is  made  to  drive  the  clocks 
in  recoiling.  It  is  to  this  spring  that  the  spindle  of  the  driving 
planet  wheel  is  connected  by  a  detachable  connection  <.    Attached 


Fig.  bh. 

to  the  annature  is  a  contact  x,  which  forms  a  connection  to  the 
electro-magnet  coil  q.  This  contact  engages  with  a  small  throw- 
over  switch  e,  the  position  of  which  is  partly  controlled  by  a  spiral 
spring  which  makes  it  rest  on  either  one  side  or  the  olher  of  a 
given  centre  line.  As  the  clock  runs  down  the  armature  slowly 
revolves  away  from  the  pole  pieces,  and  the  contact  presses  against 
an  insulated  spring  k  on  the  throw-over  switch  carrying  it  along. 
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At  a  certain  point  in  the  journey  the  throw-over  switch  has  got 
past  the  centre,  and  the  spiral  spring  suddenly  pulls  it  over,  so 
making  connection  with  the  contact  /  on  the  armature  and  exciting 
the  magnet  The  armature  is  thus  drawn  over,  and  with  it  the 
throw-over  switch,  till  it  reaches  the  point  where  the  spiral  spring 
causes  it  to  fly  over  and  break  the  electro- magnet  circuit,  when 
the  whole  operation  is  again  repeated. 


Hg.  0;. 

A  close  study  of  the  several  illustrations  (taken  from  the 
Eltdrical  Engineer)  will  give  the  student  a  fairly  good  idea  of 
the  instrument  as  a  whole,  the  mechanism  and  the  ingenuity  dis- 
played being  very  interesting. 

Another  instrument  deserving  of  special  mention  is  that 
designed  by  Mr  Evershed.  In  principle  it  is  similar  to  the 
"Thomson-Houston,"  but  instead  of  a  single  armature  it  is  pro- 
vided with  two  in  series,  wound  in  opposite  directions.  ^Tbis 
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makes  it  astatic,  so  that  any  external  influence  tending  to  make 
one  armature  nin  fast  would  affect  the  other  in  the  opposite  sense. 
The  bottom  pivot  is  set  in  a  jewelled  bearing,  while  the  remainder 
of  the  armature  spindle  is  perfectly  free,  floating  in  the  air,  and 
kept  in  an  upright  position  by  the  pull  of  a  magnet  placed  above 
it,  which  also  takes  most  of  the  weight  off  the  bottom  bearing. 

The  commutator  segments  consist  of  a  number  of  vertical 
platinumiridium  wires,  fixed  at  their  upper  ends  and  free  for  the 
remainder  of  their  length,  and  the  brushes  are  replaced  by  two 
delicately  pivoted  wheels  with  platinum  rims,  which  revolve  by 


Fie- 68. 


engaging  with  the  wire  commutator  segments,  thus  overcoming 
the  friction  of  the  brushes,  a  point  of  great  importance  in  meters 
of  this  type, 

The  friction  of  the  counting  train  of  wheels  is  entirely  elimi- 
nated by  a  most  ingenious  device.  A  small  coil  fixed  to  the 
spindle  above  the  armatures  is  connected  in  one  of  the  armature 
circuits,  while  a  similar  coil  below  it  is  connected  to  the  second 
armature  circuit.  These  coils  are  embraced  by  the  end  of  a 
magnetised  lever  which  turns  the  counting  train  by  means  of  a 
ratchet  and  pawl.  Now  the  current  in  the  armature  conductors  of 
all  dynamos  and  motors  of  this  type  reverses  once  in  each  revolu- 
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tion,  so  the  current  in  these  coils,  and  therefore  the  magnetic  field 
created  by  them,  reverses  at  every  revolution  of  the  armature.  The 
consequence  is  that  the  magnetised  lever  is  urged  up  and  down 
magnetically,  in  step  with  the  armature  as  it  rotates,  and  thus 
drives  the  counting  train  without  being  in  any  way  connected 
mechanically  with  the  rotating  armature.  The  brake  is  here  pro- 
vided by  eddy  currents  induced  in  an  aluminium  dish-shaped  piece 
revolving  between  the  poles  of  permanent  steel  magnets.  The 
great  improvements  in  constructional  detail  and  the  extraordinary 
small  amount  of  friction  makes  the  instrument  exceedingly  accurate 
at  all  loads,  and  practically  no  compensation  is  required.  It  is  an 
ideal  instrument  to  use  as  a  standard  for  checking  others  by,  and 
already  a  certain  number  have  been  purchased  for  this  purpose. 

Before  leaving  the  subject  of  meters,  the  question  of  "  maximum 
demand  indicators"  may  be  considered.  To  illustrate  the  principle, 
we  can  imagine  two  consumers,  A  and  B,  each  taking  50  units  in 
the  same  time,  A's  50  units  being  made  up  of  25a  amperes  at  100 
volts  for  two  hours,  while  B's  50  units  are  made  up  of  35  amperes 
at  100  volts  for  twenty  hours.  In  such  a  case,  plant  to  the  extent  of 
40  h.p.  has  to  be  provided  in  the  station  to  meet  A's  requirements, 
while  only  4  h.p.  is  required  to  supply  B.  Again  A's  40  h.p.  is 
only  in  use  for  two  hours,  while  for  the  remainder  of  the  time  it  is 
Standing  idle.  Again,  the  mains  in  the  stre^  have  to  be  ten  times 
heavier  for  A  than  for  B. 

Now  the  expenditure  in  running  an  electricity  supply  station 
is  made  up  under  the  following  heads — (i)  Interest  on  the  capital 
invested ;  (a)  sinking  fund ;  (3)  depreciation  on  plant ,  (4)  man- 
agement expenses;  (5)  rent,  rates,  and  taxes;  (6)  salaries; 
(7)  repairs  and  maintenance ;  (8)  fuel ;  (9)  oil  and  stores.  The 
first  seven  items  are  called  standing  charges,  for  they  are  the  same 
whatever  the  load  may  be,  while  the  last  two  items  vary  with  the 
load.  But  in  a  modern  fully  developed  station  these  two  last 
items  will  not  cost  more  than  ^d.  per  unit.  If  now  power  be  re- 
quired for  say  one  hour  per  day  only,  then  that  hour's  supply 
must  pay  all  the  standing  charges  for  the  rem^under  of  the  twenty- 
four  hours,  and  consequently  the  price  of  the  Board  of  Trade  unit 
will  have  to  be  high,  while  if  the  power  is  required  for  say  ten  or 
twelve  hours  per  day,  the  standing  charges  will  be  no  more  than 
before,  and  there  will  be  only  the  small  extra  expense  for  fuel,  oil, 
and  stores. 
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We  see  therefore  that  to  the  engineer  the  consumer  with  a  large 
demand  for  perhaps  only  half  an  hour  per  day  is  not  nearly  so 
good  as  one  who,  though  perhaps  using  a  much  smaller  amount 
of  power,  requires  it  for  a  much  greater  percentage  of  the  twenty- 
four  hours.  It  also  explains  why  the  supply  company  will  often 
contract  to  supply  power  at  a  greatly  reduced  rate  to  those  who 
can  make  use  of  it  for  long  periods,  when  the  plant  and  mains 
would  otherwise  be  unloaded,  to  those  for  instance  who  can  use 
the  power  for  driving  machinery,  or  for  heating  and  cooking,  or 
electrolytic  work,  or  in  any  way  take  their  power  in  the  daytime, 
and  finish  before  the  lighting  load  comes  on,  so  leaving  the 
machines  and  mains  free  to  meet  the  lighting  load  in  the  evening. 
In  such  a  case  the  whole  plant  would  be  loaded  for  a  much 
longer  time,  and  the  standing  charges  would  be  distributed  over 
many  more  working  hours. 

The  indicator  which  differentiates  between  good  and  bad  con- 
sumers is  fixed  either  in  the  meter  case  or  close  to  it  In  the 
case  of  the  "  Thomson-Houston  "  meter  and  one  or  two  others  it 
is  made  part  of  the  meter  itself. 

This  modification  in  the  case  of  the  "Thomson-Houston," 
devised  by  Messrs  Barker  &  Ewing,  consists  of  suspending  the 
brake  magnets  from  a  bracket  instead  of  fixing  them  to  the  base 
plate,  the  axis  of  suspension  heing  parallel  to  the  axis  of  the 
meter  armature.  The  magnets  are  therefore  free  to  rotate  against 
the  control  of  a  stiff  spring  through  a  small  angle.  Now  when  a 
load  is  switched  on  there  is,  as  we  have  already  seen,  currents 
induced  in  the  aluminium  brake  disc  which  tend  to  oppose  the 
motion  producing  them,  consequently  these  currents  exercise  an 
attractive  influence  on  the  magnets,  tending  to  drag  them  round 
in  the  direction  of  rotation  of  the  disc,  and  so  prevent  lines  of 
force  being  cut  by  the  disc.  The  magnets  consequently  move 
round  slightly,  the  amount  of  displacement  being  proportional  to 
the  load  on  the  meter.  The  small  movement  of  the  brake  mag- 
nets is  magnified  by  a  long  pointer,  the  upper  end  of  which  indi- 
cates on  a  scale  about  aj  in.  long  directly  below  the  recording 
dials.  A  catch  is  provided  which  holds  the  pointer  in  its  position 
of  maximum  reading,  and  while  permitting  of  a  further  movement 
should  a  greater  load  be  switched  on,  prevents  it  from  moving  in 
the  opposite  direction.  Thus  the  maximum  load  taken  since  the 
last  reading  of  the  meter  is  seen  at  a  glance. 
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The  cover  is  provided  with  a  lever  which  releases  the  catch, 
so  that  the  demand  indicator  can  be  reset  at  any  time  from  the 
outside,  and  the  lever  is  arranged  to  be  sealed  by  the  supply 
company's  servants  every  time  it  is  reset. 

If  desired,  the  catch  may  be  held  off,  and  the  pointer  is  then 
free  to  move  in  either  direction.  Its  indications  then  give  power 
being  absorbed  at  any  moment. 

If  the  indicator  shows  a  high  reading  while  the  meter  shows 
a  small  amount  of  power  consumed,  we  have  a  consumer  typilied 
by  A  above;  whereas  if  the  indicator  shows  a  small  maximum 
value  while  the  meier  reads  a  large  amount  of  power  consumed, 
we  have  a  consumer  such  as  represented  by  B.     Consequently  the 
reading  of  the  meter  together  with  the  reading  of  the  maximum 
demand  indicator  gives  us  all  the  informa- 
tion required  as  to  the  value  of  the  con- 
sumer from  the  engineer's  point  of  view, 
and  he  makes  a  reduction  in  the  price  of 
the  Board  of  Trade  unit  accordingly.     The 
higher  the  reading  of  the  meter  and  the 
lower  the  reading  of  the  demand  indicator, 
the  less  the  cost  to  him  of  the  power  sup- 
plied, and  it  seems  only  fair  to  share  this 
with  his  customer. 

This  method  of  charging  has  in  certain 
instances  been  found  to  cause  very  consider- 
able dissatisfaction,  for  it  often  seems  well 
nigh  impossible  to  explain  to  certain  con- 
sumers why  they  have  to  pay  say  sixpence 
per  unit  while  their  next-door  neighbour  was 
only  charged  say  fourpence.  For  this  reason 
many  engineers  prefer  a  uniform  charge,  in 
which  case  the  good  consumer  helps  to  pay 
for  the  bad  one. 

As  an  example  of  a  separate  demand 
indicator,  we  may  take  one  of  the  earliest,  F^.  69. 

if  not  the  earliest,  as  illustration,  known  as 

"Wright's"  maximum  demand  indicator,  a  diagram  of  which  is 
given  in  Fig.  69. 

It  consists  of  a  glass  (J  tube  with  a  cylindrical  bulb  blown  on 
the  top  of  one  limb,  the  other  limb  being  furnished  with  a  fall 
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tube  connected  near  the  top,  and  a  bulb  on  the  end.  A  thick 
copper  conductor  is  wrapped  a  few  times  round  the  cylindrical 
bulb,  and  the  whole  current  passing  at  any  time  traverses  this 
coil  as  well  as  the  meter  coils.  The  glass  (J  tube  is  filled  to  the 
junction  of  the  fall  tube  with  dilute  sulphuric  acid,  and  the 
current  in  the  coil  develops  a  quantity  of  beat  proportional  to 
the  square  of  the  current  which  causes  the  air  in  the  bulb  to 
expand,  and  press  on  the  liquid  in  that  limb,  with  a  consequent 
overflow  into  the  fall  tube.  A  given  current  will  in  this  way  pro- 
duce always  a  definite  pressure,  and  consequently  no  further 
overflow  will  occur  unless  the  current  at  any  time  exceeds  what 
has  already  been  taken.  The  fall  tube  is  graduated,  and  the 
maximum  demand  is  read  off  on  the  scale  direct.  This  is 
reset  by  tilting  the  instrument  when  the  liquid  runs  first  into  the 
spherical  bulb,  then  by  slowly  lowering  it  once  more  it  runs  back 
into  the  U  tube,  and  is  lock«l  in  the  vertical  position. 
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CHAPTER   XI. 

MEASURING  INSTRUMENTS,  AND  THE  MEASURE- 
MENT OF  ELECTRICAL  RESISTANCE. 

It  very  often  happens  that  the  engineer  has  to  measure  very  small 
quantities,  and  these  often  with  a  high  degree  of  accuracy.  His 
indicating  instruments  are  then  of  no  service  to  him,  and  he  has 
to  make  use  of  much  more  sensitive  instruments.  The  principal 
measurements  to  be  made  are  measurements  of  (i)  resistance,  (a) 
e.m.f,  (3)  magnetic  quantities,  and  (4)  capacity ;  and  in  these  cases 
a  sensitive  galvanometer  is  employed.  There  are  many  types 
and  forms,  but  the  most  common  is  that  devised  by  Lord  Kelvin. 
In  essentials  it  consists  of  two  coils  of  very  fine  wire,  having 
very  many  turns,  placed  side  by  side,  with  a  small  space  between 
them,  and  connected  in  series.  In  some,  two  other  coils  oflow 
resistance  are  also  provided.  These  are  supported  by  any 
convenient  frame  of  brass,  and  the  needle  system  is  suspended 
between  them  by  a  very  fine  fibre  of  silk.  The  coils  are  wound  on 
ebonite  or  brass  bobbins  having  a  hole  through  the  centre,  which 
tapers  outwards  from  the  centre  to  the  front  at  an  angle  of  about 
60°,  as  shown  in  Fig.  70.  The  magnetic  needle  is  made  by  fixing 
to  the  back  of  a  small  mirror  five  or  six  short  pieces  of  magnetised 
watch  spring,  with  similar  poles  adjacent,  and  the  mirror  stands 
normally  in  the  centre  of  the  hole  in  the  bobbin.  A  wire  is 
'attached  to  the  mirror  which  projects  below  it  to  the  imder  edge 
of  the  bobbin,  or  to  the  centre  of  the  low  resistance  coils, 
and  there  supports  another  magnet  similar  to  the  one  above 
and  an  aluminium  vane  for  damping  the  movement.  This 
magnet  has  its  poles  pointing  in  the  opposite  direction  to  the 
magnet  inside  the  coil  so  as  to  form  what  is  known  as  an  astatic 
combination.  If  the  two  magnets  were  of  exactly  equal  strength 
they  would  have  no  tendency  to  set  themselves  in  the  earth's 
magnetic  field,  and  therefore  the  controlling  force  due  to  this 
would  be  nil.     But  the  needle  inside  the  coil  is  usually  a  little 
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stronger  than  the  one  outside,  and  the  controlling  force  due  to  the 
earth's  field  is  therefore  acting  on  a  system  which  is  equivalent  to 
a  magnet  whose  strength  is  equal  to  the  difference  between  the 


Fig- 70- 

strength  of  tlie  two  needles,  and  therefore  tlie  earth's  control  can 
be  made  as  small  as  we  please.  The  magnetic  field  created  by  the 
current  in  the  coil,  however,  acts  on  both  needles  in  the  same 
direction,  which  will  be  seen  at  once  by  considering  the  circular 
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field  round  the  conductor,  and  therefore  this  astatic  combination 
increases  the  sensitiveness  in  two  ways,  by  diminishing  the  con- 
trolling force  and  by  increasing  the  deflecting  force.  The  move- 
ments of  the  needle  are  read  by  projecting  a  beam  of  light  from  an 
incandescent  electric  lamp  or  other  suitable  lamp  through  a  small 
hole  or  slit  in  a  screen,  placed  about  36  in.  from  the  galvanometer. 
The  minor  reSects  this  back  again,  and  by  adjusting  the  height  of 
the  lamp  and  slit  we  can  get  Ihe  reflected  im^e  thrown  a  little 
above  the  slit.  An  accurately  divided  scale  (often  in  millimetres) 
is  fixed  at  this  point,  about  18  in.  long,  and  the  movements  of  the 
spot  or  line  of  light  can  in  this  way  be  measured^  With  this 
arrangement  we  have  an  exceedingly  long  pointer  without  weight, 
and  the  slightest  possible  movement  of  the  needle  is  read  with 
ease  and  certainty,  for  the  pointer  is  equivalent  to  one  3  yds.  long 
if  the  scale  be  i  yd.  from  the  mirror,  for  the  angular  movement  of 
the  beam  of  light  over  the  scale  is  twice  that  of  the  mirror.  This 
is  due  to  the  fact  that  the  angle  of  reflection  is  equal  to  the  angle 
of  incidence,  that  is  to  say,  the  angle  formed  by  a  line  perpen- 
dicular to  the  mirror  when  in  its  deflected  position  and  the  beam 
of  light  from  the  lamp  is  equal  to  the  angle  made  from  this  same 
perpendicular  line  and  the  beam  of  light  reflected  from  the  mirror, 
and  therefore  the  angle  between  the  two  beams  of  light  (called  the 
incident  ray  and  the  reflected  ray)  is  twice  as  great  as  the  angular 
movement  of  the  mirror.  It  will  be  seen  therefore  that  for  a 
movement  of  the  reflected  beam  over  the  full  range  of  the  scale 
the  angular  movement  of  the  mirror  is  but  a  very  few  degrees, 
consequently  the  scale  readings  are  practically  proportional  to  the 
deflecting  currents.  This  proportionality  is  made  more  exact  by 
using  a  straight  scale  instead  of  a  curved  one. 

An  instrument  of  this  descriplion  when  well  made  in  every 
detail  will  give  a  deflection  of  one  division  on  the  scale  with  a 
current  as  small  as  tooodopoo  anipere  or  even  less.  A  sliding 
magnet  is  placed  over  the  coil  which  serves  to  alter  the  control  by 
moving  it  nearer  to  or  further  from  the  needle. 

Another  very  common  form  of  galvanometer,  and  one  that  is 
very  convenient  to  use  for  certain  measurements,  known  as  the 
D'Arsonval  galvanometer,  is  in  principle  similar  to  the  Weston 
ammeter  and  voltmeter  movements  described  in  a  preceding 
chapter. 

Here,  instead  of  having  a  magnetic  needle  for  the  moving  part 
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the  current  to  be  measured  is  passed  through  a  suspended  coil  of 
fine  wire,  and  its  movements  are  measured  by  a  mirror  and  beam 
of  light  as  in  the  last  case. 

The  coil  is  usually  wound  on  a  frame  of  thin  sheet  copper  or 
aluminium,  and  the  whole  moving  part  is  made  as  light  as  possible. 
The  current  to  be  measured  is  led  into  and  out  of  the  coil  by  the 
suspension,  which  consists  of  a  very  fine  phosphor-bronze  strip  botli 
at  the  top  and  bottom  attached  to  adjusting  screws,  so  that  the 
tension  on  the  phosphor-bronze  strip  may  be  adjusted.  One  at 
least  of  the  supports  for  these  adjusting  screws  must  be  insulated, 
and  both  are  connected  respectively  to  the  terminals  of  the 
instrument. 

This  coil  is  placed  in  the  magnetic  field  of  a  strong  horseshoe 
magnet,  the  field  being  concentrated  at  this  part  and  made  more 
uniform  by  fixing  a  piece  of  soft  iron  inside  the  coil  but  in  no  way 
connected  to  it.  The  coil  normally  lies  with  its  plane  in  the 
plane  of  the  field,  so  that  no  lines  are  threaded  through  the  coil, 
and  the  field  is  fairly  strong. 

When  a  current  passes  through  the  coil  it  creates  a  magnetic 
field  at  right  angles  to  the  field  of  the  horseshoe  magnet,  which 
onuses  a  turning  effort  to  be  applied  to  the  coil,  owing  to  the  field 
being  distorted,  weakening  it  at  one  part  and  strengthening  it 
at  another.  The  angular  movement  of  the  coll  depends  on  the 
strength  of  the  field  created  by  the  current  in  the  coil  and  the 
strength  of  the  field  in  which  the  coil  is  placed,  and  again  on  the 
strength  of  the  controlling  force,  which  in  this  case  is  formed  by 
the  torsion  of  the  phosphor-bronze  strips  (see  Fig.  71). 

The  instrument  so  made  is  exceedingly  dead-beat  in  its  action, 
coming  to  rest  almost  immediately,  for  when  the  coil  is  moved  in 
the  field  the  copper  or  aluminium  frame  moves  with  it,  and  in  so 
doing  generates  a  current  in  it,  which  tends  to  stop  its  movement. 

There  being  no  sensitive  magnetic  needle  in  its  construction 
enables  it  to  be  used  near  dynamo  machinery  and  other  places 
where  a  needle  galvanometer  would  be  useless. 

There  is  still  one  other  form  of  galvanometer  to  be  considered, 
known  as  the  ballistic  galvanometer.  It  is  the  only  one  that  can 
be  used  where  transient  currents  are  to  be  measured,  for  instance 
the  current  created  in  a  coil  by  thrusting  magnetic  lines  of  force 
through  it,  or  the  current  dischai^ed  from  a  condenser. 

In  this  instrument  the  moving  part  is  made  heavy  so  as  to 
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have  a  large  amount  of  inertia,  and  no  vane  or  other  damping 
mechanism  is  provided.  In  other  respects  it  resembles  the  first 
instniment  described.  The  needle  system  often  consists  of  small 
magnets  of  watch-spring,  or  small  horseshoe  magnets  with  the 
limbs  vertical,  supported  inside  small  spheres  of  lead,  one  being 
inside  the  coil,  and  the  other  outside  it,  as  in  the  former  case  (see 
Fig.  72).  If  provided  with  independent  high  and  low  resistance 
coils,  as  shown  in  Fig.  70,  it  is  equivalent  to  having  two  galvano- 
meters in  one. 

An  instrument  of  this  description  enables  us  to  measure  the 
quantity  of  electricity  dischai^ed  through  it  by  a  transient  current, 


Fig.  71. 

for  owing  to  its  inertia  the  whole  quantity  has  passed  through  it 
before  the  needle  has  time  to  move  from  its  position  of  rest. 
This  is  equivalent  to  giving  (magnetically)  a  blow  to  the  needle, 
which  consequently  swings  for  a  distance,  depending  on  the  blow 
given.  The  first  swing  of  the  needle,  therefore,  becomes  a  measure 
of  the  quantity  of  electricity  passed  through  the  galvanometer  by 
the  transient  current 

It  is  sometimes  found  desirable  to  considerably  reduce  the 
sensitiveness  of  the  galvanometer,  so  as  to  allow  of  measuring 
larger  currents,  and  though  we  can  do  this  to  a  small  extent  by 
increasing  the  control,  9,  much  better  method  is  to  shunt  the 
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galvanometer,  so  that  only  a  certain  known  fraclion  of  the  total 
current  flows  through  it. 

Many  galvanometers  have  shunts  provided,  so  that  by  inserting 
a  plug  we  can  connect  the  galvanometer  terminals  in  parallel  with 
a  resistance  of  J,  j  j,  or  ^  Jy  the  galvanometer  resistance.  Suppose 
we  connect  the  ^^  galvanometer  resistance  as  a  shunt,  then  only 
TvW  P^  °f  t^c  iQtii^  current  would  go  through  the  galvanometer 
coil,  the  other  yVtnr  gO'ng  through  the  shunt,  for  the  current  divides 
always  inversely  proportional  to  the   resistance,  and  the  shunt 


He.  7a. 


Fig.  73- 


having  only  ■y\j  the  resistance  of  the  galvanometer,  would  take 
Affff  of  '''®  current.  With  the  ^y  shunt  only  ^J(f  part,  and  with 
the  V  shunt  only  -^^  part  of  the  current  flows  through  the  galvano- 
meter. The  connections  for  such  a.  shunt  box  are  shown  in  Fig.  73. 
But  any  ordinaiy  resistance  box  can  be  used  as  a  shunt,  pro 
viding  we  know  the  resistance  of  the  galvanometer,  for  the  current 
through  the  galvanometer  can  easily  be  calculated,  whatever  re- 
sistance we  use  as  a  shunt.  Thus,  suppose  the  resistance  of  the 
galvanometer  be  5,000  ohms,  and  it  is  found  to  be  necessary  to 
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^ant  the  galvanometer  with  say  40  ohms,  so  as  to  get  a  readable 
deSection,  then  remembering  that  the  main  current  will  divide 
between  these  two  resistances  in  inverse  proportion  to  the  re- 
sistances, we  have  a  fraction  of  the  main  current  flowing  through 

the  galvanometer  = ——  where  s  =  resistance  of  the  shunt  and  g 

the  resistance  of  the  galvanometer,  for  if  we  imagine  the  current 

to  consist  of  5,040  parts,  then  -[q^tj-  will  go  through  the  greater 

resistance  (the  galvanometer),  and  ISfS  through  the  smaller  resist- 

=  — — =  —  =the  fraction  of  the  main 
5040     126 

current  through  the  galvanometer,  therefore  the  whole  current,  in 

passing  through  the  galvanometer  would  give  a  deflection  136 

times  as  great. 

It  should  be  noticed  that  by  shunting  the  galvanometer  we 

decrease  its  resistance,  for  we  then   have   two   resistances  in 

paralleL     The   combined   resistance   is  therefore   less   than  the 

smallest  of  them,  and  if  we  wish  to  keep  the  resistance  of  the 

circuit  constant  and  yet  use  a  shunt  on  the  galvanometer,  it  is 

necessary  to  add  a  resistance  in  series  with  the  galvanometer  and 

shunt  to  keep  the  resistance  constant    Thus  in  the  case  given 

above,  where  the  shunt  has  a  resistance  of  40  ohms  and  the 

galvanometer  a  resistance  of  5,000  ohms,  the  combined  resistance 

-R-Sooo't40,      fisohms, 
3000  +  40 

and  therefore  to  keep  the  resistance  of  the  circuit  constant  we 
must  add  5000  -  39.68  =  4960.32  ohms  in  series  with  the  galvano- 
meter. 

The  shunt  boxes  are  often  provided  with  this  compensating 
resistance,  so  that  by  inserting  the  plug  we  shunt  the  galvanometer 
and  add  the  corresponding  compensating  resistance  at  the  same 

As  a  further  example  in  the  use  of  shunts  we  may  consider 
the  following  prohlem  : — 

Q.  A  galvanometer  of  5,000  ohms  resistance,  when  shunted  by 
a  resistance  of  500  ohms,  gives  a  deflection  of  300  divisions  with 
a  certain  current  What  shunt  will  be  required  in  order  that  with 
the  same  current  the  defleciion  may  be  reduced  to  100  divisions? 
(S.  and  A.  Honours.) 
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Here  the  resistance  of  the  shunted  galvanometer  in  the  first  case 

G  X  s     ^ooo  >:  <oo  . 

—  Re  = —  =  454-5  ohms, 

c  +  s     sooo  +  Soo    ^^^       ^ 

and  if  the  current  is  to  be  kept  constant  with  the  new  shunt  this 


main  current  flows  through  the  galvanometer,  and  to  reduce  the 

deflection  to  4  its  former  value,  only  \  of =—  x  -55^  =  -L  of 

G+s    3     5500    33 
the  main  current  must  9ov  through   the  galvanometer  in  the 
second  case.    Therefore  in  second  case — 
s    _  t 
o  +  s"33 

Therefore  — ? —  -  i 

5000  +  s    33 

Therefore  33s  =  5000  +  s. 
Therefore  33s  —  s  =  5000. 
Therefore  328  —  5000. 
Therefore  S"52£?  =  ie(5.3e  ohms. 

But  the  resistance  of  the  galvanometer  when  shunted  with 

t56.as  ohms  = =- **  "  ^=3151.3  ohms,  and  to  keep 

G  +  s    5000+156.35 

the  current  the  same  as  in  the  first  case  we  must  keep  the 
resistance  of  the  circuit  constant,  and  therefore  we  must  add  a 
compensating  resistance.  The  value  of  the  compensating  resist- 
ance necessary 

-4S4-5-»S'-3-303-2ohms. 

For  measuring  very  small  resistances  the  best  method  is  that 
mentioned  in  Chapter  I.,  page  10,  where  the  resistance  to  be 
measured  is  connected  in  series  with  another  known  resistance  of 
small  value,  and  the  potential  diflference  on  the  ends  of  each 
measured,  when  a  current  is  sent  through  them. 

Now  the  deflection  on  the  scale  of  a  high  resistance  galvano- 
meter is  proportional  to  the  potential  difference  on  its  terminals, 
for  the  current  that  flows  through  it  is  proportional  to  -,  and  R 
remains  constant,  and  therefore  the  current  through  it  is  propor- 
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tional  to  v.  The  galvanometer,  being  so  sensitive,  will  show  very 
small  differences  of  potential  on  the  ends  of  the  resistances,  and 
therefore  we  are  able  to  insert  in  the  main  circuit  a  high  resist- 
ance which  will  allow  only  a  very  small  current  to  flow,  with  one 
accumulator  cell,  and  consequently  the  current  will  be  more  con- 
stant than  it  would  be  if  the  current  were  lar^e. 

We  will  now  consider  a  particular  case.  Suppose  we  wish  to 
measure  the  resistance  of  a  dynamo  (or  motor)  armature  section. 
This  will  be  made  of  stout  copper,  and  will  have  a  very  small 
resistance.  We  now  join  up  the  armature  section  in  series  with 
our  standard  i\^  ohm,  and  an  adjustable  high  resistance  box,  key, 
and  one  cell,  as  shown  in  Fig.  74. 

If  the  section  is  in  position  on  the  armature  it  must  be  un- 
soldered and  the  ends  brought  out,  and  it  must  be  kept  at  some 


distance  from  the  galvanometer,  otherwise  when  a  current  flows  in 
it  the  magnetic  field  so  created  in  the  iron  of  the  armature  wiH 
cause  a  false  reading  on  the  galvanometer.  It  is  best  in  any  case 
to  send  a  current  round  the  circuit  before  connecting  the  galvano- 
meter, and  notice  if  this  has  any  effect.  If  so  it  must  be  rectified 
by  removing  the  armature  further  from  the  galvanometer. 

The  galvanometer  must  now  be  connected  to  the  ends  of  first 
one  and  then  the  other  resistance  in  a  manner  which  wilt  not 
disturb  the  main  circuit,  otherwise  the  resistance  of  the  main 
circuit  will  probably  be  altered  during  the  operation.  The  de- 
flections so  obtained  are  proportional  to  the  potential  differences 
on  their  ends.  Thus,  suppose  with  the  arntature  section  we  get  a 
deflection  of  300  divisions,  while  with  the  standard  resistance  we 
get  450  divisions,  then — 
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Res.  of  armature  secUon  :  standard  res.  : :  aoo  :  450. 

Therefore  res.  of  armature  section  = : —  » .0044  ohm. 

450 

The  long  wires  leading  from  the  galvanometer  can  be  of  any 
thickness,  for  their  resistance  does  not  influence  the  result,  being 
the  same  for  both. 

It  may  happen  that  when  we  connect  up  to  one  of  the  resist- 
ances we  find  the  spot  of  light  goes  right  off  the  scale,  meaning 
that  the  p.d.  we  are  trying  to  measure  is  too  high.  It  can  be 
reduced  by  increasing  the  resistances  in  the  adjustable  resistance 
bos  till  we  get  a  suitable  deflection. 

If  the  current  should  vary  between  the  two  experiments,  owing 
to  the  cell  polarising,  the  e.m.f.  will  vary  too,  and  we  will  not  get 
the  true  ratio  between  them.  To  make  certain  on  this  point,  it  is 
advisable  to  obtain  the  deflection  on  one  resistance,  then  on  the 
Other,  and  then  again  on  the  first.  If  there  be  any  difference  in 
the  first  and  last  reading  this  will  be  due  to  polarisation,  and  the 
mean  of  the  first  and  last  reading  will  be  the  more  accurate  for 
this  resistance.  But  if  the  resistance  in  the  adjustable  resistance 
box  be  fairly  large,  there  should  be  practically  no  polarisation 

For  measuring  ^1  resisUnces  that  are  not  very  low  or  ex- 
tremely high,  some  form  of  the  Wheatstone  bridge  is  usually 
employed.  This  method  (which  is  exceedingly  accurate  if  a  little 
care  be  taken,  and  a  sensitive  galvanometer  used)  will  be  best 
understood  by  considering  the  simple  diagrams  shown  in  Figs.  75 
and  76.  Let  a  and  b  represent  two  resistances  in  series  of  any 
value  joined  to  a  cell,  then  a  current  flows  through  the  two 
resistances  from  a  to  d^  and  the  current  has  the  same  value  for  a 
and  for  b;  a  is  therefore  at  a  higher  potential  than  b,  for  the 
current  flows  from  a  to  b,  and  J  is  at  a  higher  potential  than  d  for 
a  similar  reason.  Therefore  b  is  at  some  intermediate  potential 
between  a  and  i.  The  value  of  the  potential  difference  between  a 
and  b  compared  with  that  between  b  and  d  is  in  proportion  to  the 
resistance  of  A  and  B,  as  we  saw  in  Chapter  I.  Suppose  we  now 
connect  two  other  resistances  to  the  points  a  and  d  as  shown  in 
Fig.  76,  then  the  same  reasoning  will  apply  to  these  two  as  did 
to  A  and  B.  The  extreme  potential  difference  for  the  two  circuits, 
viz.,  A-f  B  and  c  +  d,  is  the  same  for  both,  for  they  are  connected 
to  the  same  points,  maintained  at  a  certain  potential  difference  by 
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the  batteiy,  and  if  this  should  vary  for  one,  it  will  vary  equally  as 
much  for  the  other  circuit. 

Now  as  the  potential  difference  of  the  battery  is  falling  equally 
down  the  two  circuits,  and  as  the  point  b  is  at  some  intermediate 
potential,  there  must  be  a  point  on  the  other  circuit  that  is  at  the 
same  potential  as  the  point  b.  In  fact,  we  could  find  hundreds  of 
points  on  the  two  circuits  at  the  same  potential,  for  if  we  pick 
any  point  on  the  one  circuit  there  must  be  a  point  on  the  other 
at  the  same  potential.  Let  us  suppose  that  the  point  c  is  at  the 
same  potential  as  the  point  h,  then  there  is  a  certain  voltage  fall 
or  potential  difference  between  a  and  b,  and  this  must  be  the 
same  as  the  voltage  fall  between  a  and  c,  for  b  and  c  are  at  the 
same  potential  and  a  is  common  to  the  two.  For  the  same 
reason  the  fall  in  potential  between  b  and  d  is  the  same  as  that 


Fig.  76.  Fig.  77. 


between  c  and  d,  and  therefore  the  ratio  of  the  voltage  fall  on  a 
to  that  on  b  is  the  same  as  ratio  between  the  voltage  fall  on  c  and 
D,  and  again  the  ratio  of  the  voltage  fall  on  A  and  c  is  the  same 
as  the  ratio  between  the  voltage  fall  on  b  and  D. 

Let  us  take  values  for  these  resistances  and  voltages.  Suppose 
A=ioo  ohms,  B  =  3o  ohms,  c=io  ohms,  and  D  =  3  ohms;  and 
further,  suppose  the  voltage  fall  on  a  =  5,  and  voltage  fall  on  b  =  3. 
Then  as  we  have  seen,  the  voltage  fall  on  c  must  also  =  5,  while 
that  on  D  must  =  3.    Therefore  we  have — 

v  fall  on  A  n  5 :  V  fall  on  B  =  3 : :  V  fall  on  c  =  5 :  v  fall  on  D  =  3, 
and  also^ 

V  fall  on  A  =  5  :v  fall  on  C  =  5  ::  vfall  on  8  =  3  :v  fall  on  0  =  3. 
Now  we  have  seen   (Chapter  I.)  that  the  voltage  of  the 
circuit  falls  in  proportion  to  the  resistances,  and  therefore  the 

U,g,t,.,.d.i.COOC^IC 


I70 


ELECTRICAL  ENGINEERING. 


ratio  of  the  voltages  given  above  must  also  be  the  ratio  of  the 
resistances,  or— 

Res.  of  A  :  res.  of  B  : :  res.  of  c  :  res.  of  D, 
and  also — 

Res.  of  A  :  res.  of  C  ::  res.  of  B  :  res.  of  D, 
and  if  any  three  out  of  the  four  be  known,  we  can  find  the  fourth 
by  working  the  simple  proportion  sum,  thus : — Suppose  d  be  an 
unknown  resistance,  then — 

Res.  of  A  :  res.  of  b  : :  res.  of  C  :  x. 
Therefore  *  =  IHL£tl?li^i^  =  35  ><  I"  = 


Fig.  78. 


The  operation  then  consists  of  finding  a  point  on  the  one 
circuit  at  the  same  potential  as  some  fixed  point  on  the  other 
circuit,  and  this  we  are  easily  able  to  do,  for  if  a  galvanometer  be 
joined  between  the  two  points  a  current  will  flow  through  it  while 
there  is  any  difference  of  potential  at  its  terminals,  and  it  is  only 
when  we  get  absolutely  no  movement  of  the  galvanometer  needle 
when  connected  that  there  is  no  difference  of  potential. 

The  galvanometer  must  therefore  be  connected  to  points  b  and 
e  as  shown  in  Fig.  77. 

One  form  of  this  instrument  suitable  for  measuring  low  values 
is  shown  in  Fig.  78,  connected  up  ready  for  the  test.    It  consists 
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of  a  straight  uniform  wire  of  gennan  silver,  manganin,  platinum- 
iridium,  or  other  high  resistance  metal,  exactly  i  metre  long,  with 
the  scale  (graduated  from  both  ends)  placed  behind  it.  This  is 
attached  at  the  ends  to  massive  strips  of  copper  having  quite  a 
negligible  resistance,  with  certain  small  gaps  for  the  insertion  of 
resistances.  A  sliding  contact  maker  is  provided  which  allows 
of  contact  being  made  to  the  wire  without  injuring  it.  The 
battery  and  galvanometer  are  connected  to  terminals  as  shown. 

When  the  key  is  put  down  a  current  flows  in  two  circuits  (i) 
through  X  and  the  standard  resistance,  and  (2)  through  the  wire, 
and  the  potential  falls  equally  on  both  circuits.  The  galvanometer 
is  joined  to  a  point  between  x  and  the  standard  resistance,  and 
the  operation  consists  in  moving  the  sliding  contact  (ill  we  get  no 
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Fig- 79. 
deflection  on  the  galvanometer.  Suppose  this  balance  is  obtained 
at  a  point  60  cm.  from  the  right-hand  side  of  the  illustration  in 
Fig.  78,  and  the  resistance  of  the  standard  be  i  ohm,  then  we 
have  the  wire  divided  up  in  the  proportion  of  60  to  40,  and  there- 
fore, as  the  resistance  is  proportional  to  the  length,  and  the  e.m.f. 
falls  in  proportion  to  the  resistance,  the  e.m.f.'s  on  these  two 
lengths  are  also  in  the  proportion  of  60  to  40,  But  this  is  the 
proportion  of  the  e.m.f.'s  on  x,  and  on  the  standard,  and  the 
e.m.f.'s  on  them  are  proportional  to  their  resistances. 

Therefore  res.  of  x  :  res.  of  standard  : :  60  :  40, 

or  res.  of  ;c  :  1  ohm  ::  60  ;  40, 

Therefore  res.  of  .*  =  — ^^—  =  1,5  ohms. 
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Another  form  of  this  instrument  used  very  largely  by  the  Post 
Office  authorities  and  most  electrical  engineers  is  shown  in  Fig.  79. 
Here  resistance  coils  take  the  place  of  the  slide  wire  described 
above,  and  in  addition  an  adjustable  resistance  box  is  provided, 
containing  in  this  case  sixteen  different  resistance  coils,  which 
allow  of  over  1 1,000  changes  being  made  in  the  resistance. 

This  being  a  very  common  form  of  resistance  box  for  Ihis 
class  of  work,  it  may  be  advantageous  to  describe  it  here  in  more 
detail. 

On  the  top  of  the  box  (usually  of  ebonite)  are  fixed  seventeen 
massive  brass  blocks,  made  originally  from  two  or  three  castings, 
which   are  first   machined,  then  divided  up  into  the  required 


Fig.  80. 

number  of  parts,  and  a  hole  drilled  through  each  division.  These 
holes  are  then  rimered  out  so  as  to  taper  inwards,  and  the  pieces 
are  next  sawn  across  the  centre  of  the  holes.  Each  piece  is  now 
fixed  in  its  place  on  the  cover,  and  tapering  plugs  made  to  fit  into 
the  holes,  so  that  when  the  plugs  are  in,  the  brass  blocks  are  all 
connected  together,  and  the  resistance  of  the  joints  is  negligible. 
The  corners  of  each  block  are  usually  filed  away,  and  also  the 
under  edge  at  ihe  ends  as  shown  in  Fig.  81.  Coils  of  wire 
(usually  german  silver)  which  have  been  very  accurately  adjusted 
by  comparison  with  a  standard  are  now  fixed  to  the  under  side 
of  the  box  cover,  and  the  ends  connected  to  two  of  the  brass 
blo(  ks  by  stout  jiins  screwed  up  into  them.  The  beginning  of 
one  coil  is  thus  connected  to  the  end  of  the  last,  that  is,  the  coils 
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are  connected  in  series  all  the  way  round,  and  the  junction  points 
connected  each  to  a  brass  block,  as  shown  in  Fig.  81.  The  coils 
are  iround  SO  as  to  have  tittle  or  no  magnet isability,  by  winding 
ihe  wire  on  after  doubling  it.  The  ends  are  connected  to  the 
pins,  and  the  adjustment  of  the  resistance  is  made  on  the  middle 
point  of  the  wire  by  uncovering  a  portion  {the  wire  being  usually 
covered  with  a  double  layer  of  silk),  twisting  up,  and  soldering  the 
twisted  part  when  the  right  resistance  is  obtained. 

When  all  the  plugs  are  inserted  the  resistance  between  the 


^ 


Fig.  81. 


terminals  at  the  ends  is  less  than  the  resistance  of  all  the  brass 
blocks  and  plugs,  for  the  coils  underneath  are  in  parallel  with 
them,  and  therefore  the  resistance  is  some  exceedingly  small 
fraction  of  an  ohm,  and  quite  negligible.  If  we  pull  out  any  one 
ptu^  or  plugs,  the  resistance  is  increased  by  an  amount  corre- 
sponding to  the  resistance  of  the  particular  coil  that  the  plug  or 
plugs  originally  short  circuited. 

The  coils  are  often  arranged  to  have  resistances  of  i,  2,  3,  4 — 
10,  20,  30,  40 — 100,  100,  300,  400 — 1,000,  2, 000,  3,000,  4,000 
ohms;  and  by  such  an  arrangement  we  can  put  into  the  circuit 
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any  resistance  from  i  up  to  it, no  ohms,  that  is  to  say,  ve  can 
make  over  ii,ooo  changes  in  the  resistance.  Other  combinations 
will  give  a  similar  result,  thus  i,  a,  3,  5 — 10,  30,  30,  30,  &c,  or 
ii  ii  3i  5 — '°i  i°i  3°i  5".  &c. 

In  using  such  a  box  it  ts  important  to  remember  that  the 
function  of  the  brass  plug  is  to  short  circuit  the  particular  resist- 
ance, and  therefore  if  the  plug  be  dirty  it  will  not  properly  do 
this,  and  we  may  have  an  appreciable  resistance  when  the  plug  is 
in,  which  we  are  ignoring.  For  this  reason  the  brass  shanks  of 
the  plugs  should  never  be  touched  with  the  fingers,  nor  even 
put  down  on  to  the  table,  for  the  fingers  will  give  them  a  film  of 
grease  which  will  soon  coat  the  inside  of  the  taper  holes,  and  bad 
contact  must  eventually  result,  while  if  the  same  thing  does  not 
occur  by  contact  with  the  table,  there  is  the  chance  of  small  pieces 
of  dust  and  grit  sticking  to  them,  which  is  again  ground  up  in  the 
hole,  forming  a  coating  which  may  prevent  a  perfect  contact  being 
made.  The  best  way  of  using  them  is  to  place  them  on  a  sheet 
of  clean  paper,  with  the  brass  shanks  pointing  upwards,  that  is, 
standing  on  the  ebonite  tops,  and  to  remember  to  always  lift 
them  by  means  of  the  ebonite  tops. 

Returning  now  to  the  Wheatstone  bridge,  the  top  row  of  block 
seen  in  Fig.  79  is  connected  to  resistance  coils  with  values  of 
1,000,  100,  10,  10,  100,  1,000,  and  therefore  the  resistances 
starting  from  the  centre  block  are  the  same  on  the  two  sides. 
These  are  called  the  ratio  arms.  By  taking  out  plugs  on  both 
sides  of  the  centre  block  we  can  make  the  ratio  of  the  resistances 
on  the  two  sides  1:1,  10 :  i,  100 :  i,  &c,  and  via  vtrsa.  These 
are  represented  in  Fig,  77  by  the  resistances  a  and  C. 

A  thick  copper  connector  joins  the  end  of  a  to  the  resistance 
box  B,  while  the  resistance  to  be  measured  forms  the  fourth  arm 
D,  and  is  connected  between  the  ends  of  c  and  b,  and  the  battery 
and  galvanometer  are  to  be  connected  to  the  points  shown  in 
Pig.  79. 

We  have  here  then  essentially  the  same  thing  as  shown  dia- 
grammaticalty  in  Fig.  77,  for  in  both  cases,  starting  from  the  +  end 
of  the  battery,  we  go  through  a  key  to  a  point  a  where  the  current 
divides.  The  part  going  along  a  is  conducted  through  another 
resistance  b  in  series  with  it,  while  the  part  going  through  c  is 
led  through  another  resistance  D,  where  it  joins  on  to  the  end 
of  B,  and  this  point  is  connected  to  the  other  pole  of  the  battery. 
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thus  completing  the  circuit  The  galvanometer  in  each  case  is 
joined  to  points  h  and  c,  that  is,  to  the  point  where  A  and  c  join 
on  to  B  and  d,  and  a  key  is  used  in  both  cases  to  connect  it  to  the 
circuit.  Therefore  the  diagram  shown  in  Fig.  7;  will  hold  for  the 
Wheatstone  bridge  box  we  are  now  considering. 

In  making  a  measurement  with  this  instrument  we  must  con- 
nect up  as  shown,  and  then  take  out  plugs  on  either  side  of  the 
central  block,  thus  forming  some  ratio,  say  loo  ohms  on  either 
side,  then  the  ration  i  ;  i.  Now  a  plug  must  be  taken  out  of  the 
adjustable  resistance  box  b,  thus  putting  a  resistance  into  this 
arm,  the  value  of  which  is  anything  we  please,  unless  we  can  (by 
inspection  or  examination)  tell  approximately  the  resistance  we 
wish  to  measure,  in  which  case  we  should  make  B  have  a  value 
somewhere  near  our  approximation.  First  putting  down  the  right- 
hand  or  battery  key,  and  then  the  galvanometer  key,  we  shall  get 
a  deflection  of  the  galvanometer  to  the  right  or  left,  depending  on 
whether  the  resistance  in  s  is  too  mCich  or  too  little.  Most  boxes 
are  provided  with  an  infinity  plug  in  b,  that  is,  a  plug  is  provided 
similar  to  the  others,  but  there  is  no  coil  connecting  the  two 
blocks,  and  therefore  when  this  plug  is  out  the  resistance  in  B 
is  said  to  be  infinitely  great,  for  we  have  then  a  complete  break  in 
the  circuit  We  can  now  pull  out  this  infinity  plug,  and  again  put 
down  the  battery  and  galvanometer  keys,  and  the  needle  will  be 
deflected  vigorously  to  one  side.  Now  our  resistance  cannot  be 
infinitely  great,  and  therefore  we  know  that  every  time  the  needle 
is  deflected  to  the  same  side  as  when  the  infinity  plug  was  out 
the  resistance  we  have  put  in  b  is  too  great,  and  we  must  therefore 
reduce  it  and  try  again.  Thus  we  may  find  that  with  1,000  ohms 
in  B  the  deflection  is  in  the  same  direction  as  when  the  infinity 
plug  was  out,  and  with  10  ohms  in  b  the  deflection  is  in  the 
reverse  direction,  then  we  know  that  to  obtain  a  balance  the 
resistance  in  b  must  be  greater  than  to  and  less  than  1,000  ohms. 
We  now  try  500  ohms,  and  get  say  the  same  effect  as  with  1,000, 
then  we  know  the  required  resistance  is  less  than  500  and  greater 
than  10  ohms.  Proceeding  in  this  way,  we  soon  reduce  the  range 
to  a  small  value,  and  eventually  obtain  a  balance.  Suppose  the 
balance  is  obtained  with  150  ohms  in  b.  Then — 
A :  c  : :  B  :  ^. 
And  therefore  100  :  100  ::  150  :  x,  or  .1;=  150  ohms. 
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But  we  can  alter  the  ratio  of  a  to  C,  making  it  say  1,000  ohms 
in  A  and  100  ohms  in  c,  or  a  ratio  of  10  :  i.  When  we  obtain 
a  balance,  the  ratio  of  b  to  :c  will  also  be  10  :  i.  Using  this  ratio, 
we  may  find  that  to  obtain  a  balance  we  require  in  B  a  resistance 
of  1,502  ohms.     Then — 

A  :  c  : :  B  :  X. 
Therefore  1000  :  loo  : :  1502  :  x. 

Therefore  X"  -5££ — \ — =150.2  ohms. 
1000 

If  the  resistance  to  be  measured  be  very  high,  for  instance 
the  resistance  of  the  insulation  on  a  cable  or  the  insulation  resist- 
ance of  any  insulator,  another  method  must  be  employed  As  an 
illustration  let  us  consider  the  insulation  resistance  of  a  cable. 

A  certain  length  of  the  cable  to  be  tested  should  be  placed  in 
a  tank  of  water,  with  both  ends  projecting  for  some  distance,  as 


Fig.  8z. 

shown  in  Fig.  82,  and  allowed  to  remain  in  it  for  say  twenty-four 
hours,  with  the  water  at  a  temperature  of  60°  F,,  after  which  the 
test  can  be  made. 

Connection  can  now  be  made  from  the  water  in  the  tank  (or 
from  the  tank  itself,  if  a  metal  one  standing  on  insulators)  through 
the  galvanometer  to  the  core  of  the  cable,  putting  into  the  circuit 
any  number  of  cells  found  to  be  necessary  for  giving  a  readable 
deflection  on  the  galvanometer,  say  ten  divisions,  noting  at  the 
same  time  the  number  of  cells  employed. 

Now  this  deflection  is  due  to  a  current  flowing  through  the 
circuit,  which  consists  of  the  galvanometer,  battery,  wires,  and 
cable  insulation,  and  the  e.m.f.  employed  to  get  the  current 
through  is  known,  depending  on  the  number  of  cells.  If  we 
could  therefore  find  the  value  of  the  current  flowing  we  could,  by 
Ohm's  law,  calculate  the  resistance  of  the  circuit 
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This  is  obtiined  by  an  independent  experiment,  done  either 
before  or  after  the  one  just  described.  Connect  up  the  galvano- 
meter to  some  known  high  resistance,  say  10,000  ohms,  and  shunt 
the  galvanometer  with  ^\^  the  galvanometer  resistance.  Use  only 
one  cell,  and  obtain  a  deflection  of  the  galvanometer  say  thirty  divi- 
sions on  the  scale.  The  resistance  of  the  galvanometer  unshunted 
we  will  suppose  to  be  5,000  ohms,  and  therefore  when  shunted 
with  a  resistance  equal  to  gj^  of  5,000  ohms,  or  5.005  ohms,  the 

resistance  is  reduced  to  5°°°  >=  5-°° 5  ^  -  q^^js  nearly. 
5000  -I-  5.005 
The  current  flowing  through  the  circuit  is  therefore 
_e.m.f.^       a 
res.       loooo  -1-  5 
and  only  1,^  part  of  this  current  passes  through  the  galvanometer, 

therefore  current  through  galvanometer  = 


(ioooo  +  s)xiooo 
this  current  gives  us  a  deflection  of  thirty  divisions  on  the  scale, 
therefore  a  current  of  ju  this  value  would  give  us  one  division, 
or  current  through  galvanometer  to  give  one  division  on  the  scale 


-  ampere. 


10005  ^  *°'^°  ^  3"^  150075000 
In  our  first  experiment,  with  the  cable  giving  a  deflection  on 
the  unshunted  galvanometer  of  ten  divisions,  the  current  flowing 
would  be  noaViottfl  ampwe,  or  ten  times  the  current  for  one 
division,  and  if  the  number  of  cells  employed  in  that  experiment 
were  say  100  accumulators,  then  by  Ohm's  law  the  resistance 

i.-i5ii. 

current 

which  is  practically  the  resistance  of  the  insulation  of  the  given 
length  of  cable,  for  the  resistance  of  Che  galvanometer  and  battery 
is  negligible  when  compared  with  that  of  the  cable  insulation. 

Now  the  insulation  resistance  decreases  with  the  length  of  the 
conductor,  for  the  length  of  the  path  of  the  current  through  the 
imulation  is  the  same  whatever  the  length  of  the  cable,  but  the 
sectional  area  of  the  insulation  is  proportional  to  the  length  of  the 
cable,  and  the  resistance  of  the  insulation  is  (as  in  every  case) 
proportional  to  the  length  and  inversely  proportional  to  the  sec- 
tional area,  and  therefore  the  insulation  resistance  is  inversely 
proportional  to  the  length  of  the  cable.     Suppose  the  length 
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measured  be  loo  yds.,  then  the  insulation  resistance  per  mile 
"trinr  °^  3001500000  ohms  =  i7o54oooo  ohms,  or  practically 
170  megohms. 

The  mains  engineer  is  often  concerned  with  the  insulation 
resistance  of  his  mains  and  feeders  to  earth,  and  this  is  easily 
measured  if  sections  may  be  completely  disconnected  for  a  short 
time,  in  which  case,  one  pole  of  the  battery  can  be  joined  through 
the  galvanometer  to  the  core,  and  Ihe  other  pole  to  the  station 
earth  plate,  or  water  mains.  The  current  through  the  insulation 
to  earth  can  then  be  calculated  and  the  insulation  resistance 
found  as  explained  above.  A  weekly  record  of  the  insulation 
resistance  to  earth  of  each  main  and  feeder,  is  of  great  service  in 
pointing  out  slowly  developing  faults. 

A  portable  testing  set  is  often  used  for  this  purpose,  the 
"Silvertown"  set  consisting  of  galvanometer  shunts  and  adjust- 
able resistances,  practically  identical  with  the  arrangement 
described  above,  enclosed  in  a  small  box.  The  battery  consists 
of  a  number  of  Leclanch^  celb  in  series  in  a  separate  box,  with 
terminals  connected  to  points  on  the  battery  to  give  various 
e.m.f.'s.  The  method  of  using  it  will  be  readily  understood  from 
what  has  been  said  previously. 

In  the  station  a  system  of  test  lamps  in  series  is  often  con- 
nected across  the  mains,  the  middle  point  being  to  earth,  so  that 
in  case  of  one  main  being  earth  connected,  the  lamp  connected 
to  that  main  goes  out,  while  the  other  brightens  up  considerably. 

By  one  or  other  of  the  methods  given,  any  resistance,  however 
large  or  however  small,  can  be  accurately  measured.  But  resist- 
ance is  not  the  only  measurement  made  by  the  electrical  engineer. 
Measurements  of  electro-motive  force  and  current  strength  have 
often  to  be  made,  and  also  measurements  of  the  magnetic  quality 
or  permeability  of  different  materials  form  [lart  of  the  work  of 
many  electrical  engineers,  and  these  we  will  consider  in  the  next 
chapter. 
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CHAPTER  XII. 

MEASUREMENT  OF  POTENTIAL  DIFFERENCE 

CAPACITY,  CURRENT  STRENGTH,  AND 

PERMEABILITY. 

One  of  the  best  methods  of  measuring  electro-motive  force  is  that 
known  as  the  "  potentiometer  "  method. 

In  its  simplest  form  the  potentiometer  consists  of  a  simple 
straight  uniform  wire,  stretched  over  a  scale,  with  a  sliding  con- 
tact, so  that  connection  may  be  made  to  any  point  on  the  wire,  as 
shown  in  Fig.  83. 


Fig.  83. 

When  the  key  is  put  down  a  current  flows  round  the  circuit 
and  the  potential  difference  of  the  cell  falls  proportionally  to  the 
resistance,  but  the  resistance  of  the  wire  (if  uniform)  is  propor- 
tional to  its  length,  and  therefore  the  potential  difference  on  any 
length  of  the  wire  is  proportional  to  that  length,  and  if  the  con- 
necting wires  and  cell  have  a  negligible  resistance  compared  with 
that  of  the  wire,  we  shall  have  a  range  of  potential  differences 
from  any  value  up  to  something  little  short  of  the  e.m.f.  of  the 
cell.  We  can  measure  any  e.m.f.  within  this  limit  by  balancing 
it  against  the  same  potential  difference  on  the  wire,  having  first 
standardised  the  wire  to  find  the  potential  difference  on  unit 
length  of  it^ 

Suppose  we  have  a  cell  whose  e.m.f.  is  required,  and  also 
another  whose  e.m.f.  is  known,  we  can  compare  the  e.m.f.  of  the 
unknown  to  that  of  the  known  cell  by  the  potentiometer. 
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We  first  connect  up  one  cell  to  the  potentiometer,  as  shown 
in  Fig.  84,  putting  a  galvanometer  in  the  circuit  of  this  cell,  and 
connecting  to  the  wire  a  cell  or  cells  having  a  higher  e.ni.f.  than 
that  of  the  cell  we  wish  to  measure,  being  careful  to  join  similar 
poies  to  the  same  end  of  the  wire.  Now  the  potential  of  a,  when 
connected  as  in  Fig.  84,  is  higher  than  that  of  b,  and  there  is 
therefore  a  uniform  fall  in  potential  from  a  to  B.  Suppose  the 
e.ni.f.  of  the  cell  .t  be  equal  to  the  potential  difference  between  a 
and  f,  then  if  we  connect  it  through  a  galvanometer  to  the  points 
A  and  c  no  current  will  flow  through  the  galvanometer,  but  if  we 
move  it  ever  so  little  to  the  right  or  left  of  this  point  a  current 
will  flow  through  the  galvanometer  in  one  or  the  other  direction, 


H-dh 


Fig.  S4. 

depending  on  whether  we  join  it  to  points  at  a  higher  or  lower 
potential  difference  than  that  of  the  celL 

The  operation  then  consists  of  finding  the  point  on  the 
potentiometer  wire  where  we  get  no  deflection  on  a  sensitive 
galvanometer  when  the  cell  is  connected  through  it  to  the  wire, 
and  a  few  trials  usually  suffices  to  find  this  point  very  accurately. 
We  will  suppose  the  point  to  be  at  c  in  Fig.  84.  Then  the  e.m.f. 
of  our  cell  is  equal  to  the  potential  difference  between  a  and  c, 
and  we  have  still  to  determine  this  potential  difference.  We  now 
replace  this  cell  by  a  cell  whose  e.m.f,  is  known,  and  obtain  a 
balance  in  exactly  the  same  way.  Suppose  this  to  be  obtained 
with  the  contact  at  e,  and  further  suppose  the  e.m.f.  of  this  cell 
be  I  vole    The  potential  difference  between  a  and  e  is  then  equal 
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to  I  volt,  and  the  potential  diflerence  is  proportional  to  the  length 
of  the  wire,  and  therefore  the  p,d,  between  «  :  p.d,  between  k£  in 
proportion  of  the  length  a«  :  length  at,  which  can  be  read  off  on 
the  scale,  and  so  the  e.m.r.  of  the  first  cell  detennined.  Thus,  if 
the  length  a^=  30  cm,  and  ^c=  40  cm.,  then— 

e.[n.f.  of  standard  cell :  e.tn.f.  of  cell  ;i; ::  30  :  40, 
or  I  volt :  e.m.f.  of  cell  a;  ::  30  :  40. 

Therefore  e.m.f,  of  cell;*:  =■ —  =  1.33  volts. 

There  are,  however,  certain  disadvantages  in  using  a  single 
(short)  length  of  wire,  while  if  we  employ  a  long  length  it  be- 
comes very  inconvenient.  The 
short  wire  will  offer  but  a  small 
resistance,  and  therefore  the 
current  taken  from  the  battery 
will  be  large,  and  it  will  conse- 
quently quickly  run  down  or 
polarise;  and  if  we  use  a  very 
fine  wire  to  get  an  increased 
resistance,  it  is  very  weak  and 
easily  injured,  and  therefore  the 
increased  resistance  must  be  ob- 
tained by  an  increase  in  length 
rather  than  a  decrease  In  sec- 
tional area.  To  obtain  this  result 
the  potentiometer  is  sometimes 
made  in  the  form  shown  in  Fig. 
85,  where  the  wire  is  divided  up 
into  a  number  of  short  sections 
all  connected  in  series  by  stout 
copper  connecting  pieces,  and  a 
bridge  arranged  to  slide  up  or 
down  over  the  length  of  the  wires, 
the  contact  maker  sliding  from 
right  to  left,  so  as  to  come  over  any  section  of  the  wire. 

This  form  has  the  disadvantage  of  the  long  length  of  wire  being 
exposed  to  injury,  and  if  injured  at  all,  the  accuracy  of  the  measure- 
ments made  with  it  will  of  course  be  inferior  whatever  care  be 
taken  in  making  them. 

The  best  forms  of  potentiometer  have  a  working  length  o^  wire 
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about  I  metre  long,  and  the  remainder  wound  on  a  reel  and  placed 
inside  a  box,  with  connections  from  parts  having  exactly  the  same 
resistance  as  the  working  wire  outside,  to  a  number  of  contacts  on 
the  cover,  so  that  by  swinging  round  a  switch  lever  we  can  make 
contact  with  it  on  any  multiple  length  of  the  wire  outside  the  box, 
the  fractions  of  this  length  being  obtained  by  moving  a  sliding 
contact  on  the  outside  wire. 

An  adjustable  resistance  can  also  be  inserted  in  the  circuit,  so 
as  to  bring  any  fraction  of  the  potential  difference  of  the  battery 
(within  certain  limits)  on  to  the  potentiometer  sections,  for  by 
cutting  out  the  adjustable  resistance  we  have  a  higher  e.m.f.  on 
the  remaining  portions  of  the  circuit  and  vUe  versa. 


Fig.  86. 


In  this  form  each  contact  of  the  right-hand  switch  adds  or  sub- 
tracts a  resistance  equal  to  that  of  the  slide  wire  ab,  and  therefore 
if  a  balance  is  obtained  with  the  switch  arm  on  say  the  sixth  stud 
and  the  slider  at  30  cm.  from  the  right-hand  end  of  ab,  and  if  there 
be  say  fifteen  contact  studs  altogether,  then  we  have  a  balance  on  — 

of  the  total  potential  difference.  In  this  way  we  first  get  to  within 
y'j  of  the  required  value  by  simply  switching  round  on  the  contact 
switch,  and  then  add  on  the  extra  length  required  to  give  a 
balance  by  adjusting  the  position  of  the  slider  on  the  slide  wire. 

It  is  evident  that,  as  we  can  adjust  the  potential  difference 
operating  on  the  whole  fifteen  sections  of  the  potentiometer  wire 
by  adjusting  the  value  of  the  resistance  in  series  with  it,  we  might 
put  a  scale  on  the  slide  wire  and  on  the  fourteen  additional  sections 
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to  read  in  volts  diKCl,  and  so  save  time  in  calculations,  for  we  could 
connect  on  our  cell  of  known  e.m.f.,  first  setting  the  switch  and 
slider  to  read  on  the  scale  provided  the  e.m.f.  of  this  cell,  and 
then  adjust  the  resistance  in  series  and  therefore  the  p.d.  on  the 
slide  wire  till  we  get  a  balance.  Then  if  we  do  not  alter  this 
resistance,  and  the  battery  supplying  the  current  remains  constant, 
any  balance  obtained  by  other  cells  may  be  read  off  direct  in  volts. 
This  is  done  in  many  potentiometers,  one  made  by  Messrs 
Crompton  &  Co.  being  a  very  excellent  example. 


Fig.  88. 

A  plan  view  of  an  instrument  of  this  description  is  given  in 
Fig.  87,  and  a  diagram  of  the  connections  in  Fig.  $8. 

The  galvanometer  is  to  be  connected  to  the  terminals  marked 
G,  and  the  battery  to  the  terminals  marked  b,  while  the  standard 
ceil  or  cell  of  known  e.m.f.  and  any  cell  or  cells  of  unknown  value 
may  be  connected  to  terminals  r,  2,  3 — 6.  The  galvanometer 
circuit  is  completed  by  putting  down  the  slider  key,  while  the 
battery  circuit  is  complete  without  a  key,  for  varying  contact  re- 
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sistances  at  the  key  would  cause  varying  potential  differences  to 
arise.  One  or  other  of  the  cells  connected  to  i,  a,  3 — 6  are 
brought  into  the  galvanometer  circuit  by  switching  the  double 
contact  switch  at  the  centre  on  to  the  corresponding  contacts.  It 
is  therefore  very  easy  to  change  connections  from  one  cell  to  the 
other,  and  to  return  at  any  time  to  the  standard  cell  to  see  if  the 
e.m.f.  on  the  potentiometer  wire  is  still  unchanged  is  but  the  work 
of  a  few  seconds. 

The  method  of  using  this  instrument  is  simple.  Having  con- 
nected up  as  shown  in  Fig.  88,  we  now  switch  the  centre  double 
contact  switch  to  Mo.  i  contacts,  thus  putting  the  standard  cell 
into  the  galvanometer  circuit.  If  the  e.m.f.  of  this  cell  be  say  i 
volt,  then  we  put  the  right-hand  switch  on  to  contact  Na  10,  and 
the  slider  to  the  extreme  right  of  the  slide  wire.  We  now  adjust 
the  resistance  in  series  with  the  potentiometer  wire  by  switching 
round  the  multiple  switch  on  the  left  till  we  get  a  deflection  in 
one  direction  on  one  contact,  and  in  the  opposite  direction  on  the 
next  contact,  when  we  depress  the  slider  key.  A  perfect  balance 
is  then  obtained  by  adjusting  the  sliding  contact  on  the  extreme 
left,  and  now  the  wire  is  calibrated  to  read  in  volts  direct. 

The  next  operation  is  to  change  the  position  of  the  centre 
switch  to  No.  2,  3,  or  4,  as  the  case  may  be,  and  now  move  the 
switch  lever  on  the  right  till  we  find  two  adjacent  contacts  which 
give  opposite  effects  on  the  galvanometer.  Leaving  the  switch  on 
the  smaller  of  the  two,  we  now  get  perfect  balance  by  adjusting 
the  position  of  the  slide  wire,  and  then  read  off  the  e.m.f.  direct 
Thus,  suppose  the  switch  be  on  No.  14  contact,  and  the  slider 
index  points  to  44.5,  then  the  e.m.f.  of  the  cell=  1.4445  volts. 

This  of  course  is  a  very  accurate  statement  of  the  e.m.f,  of  the 
cell,  and  could  not  be  accepted  unless  we  knew  the  e.m.f.  of  our 
standard  cell  correct  to  the  same  degree,  and  this  brings  us  to  a 
consideration  of  the  standard  cells  employed. 

The  standard  cell  that  has  been  most  extensively  used  for  a 
number  of  years  is  known  as  the  Latimer-Clark  standard,  which 
gives  an  e.m.f.  of  r.434  volts  at  15°  C.  Its  e.m.f.  varies  with  the 
temperature,  being  lower  at  a  higher  temperature  and  higher  at 
a  lower  temperature  by  yoVtr  ^olt  per  degree.  Thus  at  18°  C.  its 
e.m.f.'B  1.431  volts,  and  at  13°  C  its  e.m.f,  =  1.437  volts. 

It  is  made  up  usually  in  a  small  test  tube  (the  size  of  the  celt 
being  unimportant),  and  consists  of,  first,  a  small  amount  of  pure 
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mercury,  a  platinum  wire  being  sealed  through  the  glass  to  make 
contact  with  it,  or  in  some  cases  simply  a  flat  spiral  of  amalga- 
mated platinum  wire  sealed  in  a  glass  tube,  inserted  from  the  top. 
On  top  of  this  is  placed  a  mixture  of  mercurous  sulphate  and 
saturated  zinc  sulphate  solulion  which  forms  a  stiff  paste,  and  the 
cell  is  then  about  three  parts  filled  with  the  saturated  zinc  sul- 
phate solution.     A  small  rod  of  pure  zinc  is  next  fixed  into  a  cork 


Fig.  89.  Fig.  9a 

with  a  wire  soldered  to  its  upper  end,  projecting  through  the  cork, 
and  this  is  pushed  in  till  the  linc  rod  projects  a  little  distance 
into  the  zinc  sulphate  solution,  leaving  an  air-sjiace  of  about  \  in. 
or  so.  The  whole  is  sealed  up  with  marine  glue,  or  some  such 
material,  by  heating  it  in  a  ladle  and  pouring  on  while  hot  The 
arrangement  is  shown  in  Fig.  89. 

Another  cell  of  this  description,  known  as  the  "  Hibbert "  cell, 
has  recently  been  put  on  the  market,  and  is  being  sold  by  Messrs 
i),<j,i,.,.,i.:,C00c^lc 
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Cromptott  &  Co.  for  use  with  their  potentiometers,  and  also  by 
Messrs  Paul,  electrical  instrument  makers,  Holborn.  It  has 
several  advantages  over  the  previous  cell  described,  and  is  the 
outcome  of  the  study  and  experiments  of  Mr  W.  Hibbert  and  the 
author  for  several  years  past. 

It  is  made  up  in  a  small  test  tube,  similar  to  the  Latimer- 
Clark  cell,  with  mercury  for  the  +  element  The  paste,  however, 
consists  of  mercurous  chloride  and  zinc  chloride  solurion,  and  the 
cell  is  three  parts  filled  with  the  zinc  chloride  solution,  which 
must  be  adjusted  very  accurately  to  a  certain  density,  for  the  e.m.f. 
of  the  cell  depends  on  the  density  of  the  solution. 

It  was  found  necessary  to  provide  a  porous  diaphragm  to  pre- 
vent the  mercury  from  moving  when  the  cell  is  transported,  as 
shown  in  Fig.  90. 

When  the  solution,  which  must  be  perfectly  neutral,  is  properly 
adjusted  in  density,  the  cell  gives  an  e.m.f.  of  i  volt  at  15*  C,  and 
varies  with  temperature  by  ^p^ng  volt  per  degree,  rising  and  falling 
with  the  temperature.  Thus  at  18*  C  the  e.m.f.  =  1.0003  volts, 
while  at  la*  C  the  e.m.f.  is  -9997  volt  The  changes  made  by 
alterations  of  temperature  in  this  country  are  theiefore  very  small, 
and  for  most  purposes  can  be  neglected. 

By  an  adjustment  of  the  density  of  the  zinc  chloride  solution 
the  cell  can  be  made  to  give  i  volt  at  temperatures  higher  or 
lower  than  15°  C  Thus  if  cells  are  intended  for  use  in  tropical 
countries  where  the  average  temperature  is  considerably  above 
IS*  C,  they  can  be  made  to  give  i  volt  at  this  average  temperature. 

Should  the  cell,  from  any  accidental  cause,  be  short  circuited 
for  a  time,  the  e.m.f.  falls  considerably.  This  applies  to  the 
"Latimer-Clark"  cell  as  well  as  to  the  "  Hibbert"  cell,  and  there- 
fore it  is  not  serviceable  as  a  standard  again  dll  it  has  had  time  to 
recover.  The  recovery  of  the  "  Hibbert "  cell  after  one  minute 
short  circuit  is  practically  complete  in  four  minutes,  whereas  the 
LatimoT-Clark  cell,  similarly  treated,  has  not  recovered  to  an  equal 
extent  within  two  hours,  which  thus  delays  the  work  for  that  time, 
unless  a  second  cell  be  available. 

In  ordinary  use  on  the  potentiometer,  these  cells,  and  also  the 
cells  whose  e.m.f.  are  to  be  measured,  are  delivering  no  current 
when  the  balance  is  obtained,  otherwise  the  galvanometer  con- 
nected in  their  circuit  would  be  deflected,  and  the  current  sent 
through  them  in  one  direction  or  the  other  in  obtaining  the 
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balance  is,  with  an  experienced  operator,  very  small,  and  only  lasts 
for  a  very  small  fraction  of  a  second,  which  is  not  sufRcient  to 
dbturb  the  value  of  the  e.m.f ,  and  therefore  a  true  measure  of 
the  e.m.f.  is  obtained. 

If  the  e.m.f.  to  be  measured  is  large,  say  100  or  200  volts,  a 
modification  must  be  made  in  the  arrangement  of  the  circuit.  In 
this  case  the  two  points  at  the  required  difference  of  potential 
can  be  connected  to  a  high  resistance,  say  10,000  ohms,  or  higher 
if  necessary.    A  small  current  will   then  flow  =  -,  in  this  case 


Fig.  91. 


=  Y^gg^  =  .oi  ampere,  and  the  e.m.f.  will  fall  proportional  to  the 
resistances.  Alt  we  need  do,  therefore,  is  to  make  contact  on  to 
such  a  fraction  of  the  total  resistance  that  the  e.m.f.  comes  within 
the  range  of  the  potentiometer,  and  this  fractional  e.m.f.  being 
measured  in  the  usual  way,  we  can  from  it  determine  the  whole. 
Thus,  suppose  we  measure  the  e.m.f.  on  100  ohms,  and  find  this 
to  be  .997  volt,  then  as  100  ohms  is  ^J^  of  10,000  ohms,  and 
as  the  e.m.f.  (alls  proportional  to  the  resistance,  the  total  e.m.f. 
will  be  .997  X  100  =  99.7  volts.  The  connections  are  shown  in 
Fig.  91. 

The  potentiometer  can  also  be  used  for  measuring  currents, 
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with  the  addition  of  certain  standard  resistances  of  small  value,  say 
ju'jT  ohm,  yiij  ohm,  and  jV  o^^y  &c.i  for  accordir^  to  Ohm's  law 
the  current  is  equal  to  ^•'"' ',  and  if  we  measure  the  e.m.f.  on  a 

known  resistance,  we  can  find  the  ^ue  of  the  current  by  ^mply 
dividing  the  one  by  the  other. 

It  is  in  this  way  that  the  very  large  currents  sometimes  em- 
ployed in  electrolytic  work,  copper  refining,  &c,  are  measured. 
The  arrangement  of  the  circuit  for  making  such  a  measurement 
is  shown  in  Fig.  91. 

If  the  resistance  of  the  standard  inserted  in  the  drcuit  be  say 


ToVt  ohm,  and  the  e.m.f.  measured  by  the  potentiometer  be  say 
.5  volt,  then  the  current  flowing  in  that  particular  case  would  be 
-^Y~'~-S  "  'ooo-=5oo  amperes. 

Another  meihod  of  measuring  e.m.f.  is  one  involving  the 
use  of  a  condenser  and  ballistic  galvanometer.  The  condensers 
employed  in  this  class  of  work  consist  of  alternate  sheets  of  tin- 
foil and  mica  or  paraffined  paper.  I'he  simplest  case  is  where 
a  single  sheet  of  mica  is  faced  on  both  sides  with  tinfoil  sheets, 
smaller  in  sectional  area  than  that  of  the  mica  sheet,  so  as  to 
be  perfectly  insulated  one  from  the  other.  If  these  two  tinfoil 
sheets  be  connected,  one  to  the  +  and  the  other  to  the  -  pole  of 


),g,t,..dDi.COOC^IC 


MEASUREMENT  OF  E.M.K  189 

a  battery,  a  quantity  of  electricity  will  flow  fTom  the  battery  to 
the  plates  to  chafge  them  to  the  same  dilference  of  potential  as 
that  of  the  battery.  This  quantity  of  electricity  will  be  exceedingly 
small,  and  the  flow  will  be  over  in  an  exceedingly  small  fraction 
of  a  second.  The  quantity  of  electricity  that  flows  into  the  con- 
denser under  any  given  difference  of  potential  depends  on  (i)  the 
size  of  the  plates  of  the  condenser ;  (3)  inversely  to  the  thickness 
of  the  insulatit^  material ;  and 
(3)  the  nature  of  the  insulating 
material,  or  as  it  is  called,  the 
"specific  inductive  capacity" 
of  the  materiaL  If  therefore 
we  make  the  area  of  the  plates 
large  and  the  thickness  of  the 
mica  or  paraffined  paper  small, 
we  shall  have  a  condenser  that 
will  require  a  larger  quantity 
of  electricity  to  nuse  it  to  the 
potential  difference  of  the 
battery.  That  is  to  say,  the 
capacity  of  the  condenser  will 
be  larger. 

This  is  usually  accom- 
plished by  using  very  thin  in- 
sulating material,  and  placing 
alternate  sheets  of  tinfoil  pro- 
jecting at  opposite  comers  of  the  mica  or  paraffined  paper,  as  shown 
in  Fig.  93.  If  now  all  the  tinfoil  sheets  that  are  projecting  at  one 
edge  be  connected  together,  and  all  those  at  the  other  edge 
similarly  connected  together,  they  form  electrically  two  sheets  of 
large  superficial  area  insulated  one  from  the  other  by  the  mica  or 
paper  insulation.  When  the  required  number  of  sheets  have 
been  so  arranged,  they  are  usually  put  into  a  box  and  fastened 
down,  the  two  sets  of  plates  being  connected  to  terminals  on  the 
lid  of  the  box. 

A  condenser  of  this  description  would  have  unit  capacity  when 
unit  quantity  of  electricity  raises  its  potential  to  unit  value.  For 
practical  purposes  the  unit  quantity  of  electricity  is  the  coulomb, 
and  the  unit  diflerence  of  potential  is  the  volt,  and  therefore  the 
practical  unit  of  capacity,  known  as  the  Farad  (from  the  great 
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English  scientist  Faraday),  is  such  that  i  coulomb  would  raise 
its  potential  difference  to  i  volL  Such  a  condenser  would  be 
very  large  and  costly,  and  unsuitable  for  practical  purposes,  so 
iflOOPna  P^'^  *"■  ^  microfarad  is  the  unit  commonly  adopted. 

A  subme^ed  submarine  cable  when  disconnected  at  the  ends 
forms  a  condenser,  the  core  taking  the  place  of  one  of  the  tinfoil 
conductors,  and  the  sea  the  second  conductor  insulated  from  it 
by  the  insulating  material  of  the  cable.  Certain  cables  of  this 
description  have  a  capacity  of  approximately  \  micro-farad  per 
mile. 

We  have  already  seen  that  the  quantity  of  electricity  that  will 
be  taken  by  a  condenser  depends  on  the  capacity  of  the  condenser. 


F"g-9+ 


It  also  depends  on  the  potential  difference  used  to  charge  it.  This 
will  be  understood  best  by  an  analogy.  Suppose  we  have  a 
reservoir  of  air  or  other  gas  under  compression,  and  two  vessels  a 
and  b  connected  to  it  at  the  bottom,  with  pipes  and  taps  as  shown 
in  Fig.  94.  Each  of  these  vessels  has  a  certain  capacity,  and  the 
quantity  of  gas  taken  by  each  when  the  taps  are  turned  on  depends 
on  their  capacity.  But  if  the  pressure  of  the  gas  in  the  reservoir 
be  increased  in  any  way  the  quantity  of  gas  taken  by  each  will 
increase  in  the  same  proportion,  for  it  will  in  every  case  take  so 
much  as  will  raise  the  pressure  equal  to  that  in  the  reservoir. 
We  may  therefore  write 

Q  =  VC, 

where  Q  is  the  quantity  of  electricity  in  coulombs,  v  the  difference 
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of  potential  used  to  charge  the  condenser,  or  the  potential  differ- 
ence of  the  condenser  when  chained  with  quantity  Q,  and  c  the 
capacity  of  the  condenser  in  farads. 

It  will  be  as  well  to  note  in  passing  that  the  work  done  in 
charging  a  condenser  is  not  QV  but  — ,  for  in  this  particular  case 

the  whole  quantity  Q  is  not  raised  through  a  potential  difference 
iv,  for  the  first  small 
quantity  that  flows  in  does 
so  against  practically  no 
back  pressure,  while  the 
last  small  quantity  had  to 
be  forced  in  against  the 
whole  potential  difference. 
Let  us  take  an  analc^ 
dmilar  to  the  last  (Fig.  95). 
Here  a  rotary  pump  is  sup- 
posed to  have  been  at  work 
and  pumped  water  up  the 
pipe  to  die  height  shown. 
How  much  work  was  done 
in  raising  the  water?  Evi- 
dently not  the  weight  of 
water  raised  multiplied  by 

the  total  height  in  feet,  for  only  a  very  small  quantity  at  the 
top  has  been  raised  this  height,  while  some  at  the  bottom  has 
not  been  raised  at  all.  Therefore  the  average  or  mean  height 
through  which  the  water  is  raised  is  equal  to  half  the  total  height, 
and  therefore  the  work  done  in  charging  the  vessel  with  water  is 

equal  to  — ,  where  Q  is  the  quantity  of  water  in  pounds  weight, 

and  V  is  the  vertical  height  from  the  base  to  the  top,  or  the 
difference  of  level. 

In  the  same  way  the  work  done  electrically  in  charging  a 
condenser  =  ^,  and  if  q  and  v  are  in  absolute  units  the  work 

done  is  in  ergs,  while  if  Q  is  in  coulombs  and  v  in  volts  the  work 
done  is  in  joules. 

Now  if  the  quantity  of  electricity  taken  by  a  condenser  when 
oined  to  a  cell  be  discharged  through  a  ballistic  galvanometer. 


Fig-  95- 
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the  first  swing  of  the  needle  is  proportional  to  the  quantity  dis- 
charged, and  this  quantity  is  also  proportional  to  vc,  therefore  the 
first  swing  of  the  needle  is  proportional  to  vc.  If  therefore  we 
use  the  same  condenser,  and  connect  it  first  to  our  5tai>dard  cell, 
then  to  the  cell  whose  e.m.f.  is  required,  and  discharge  the  quantity 
taken  by  the  condenser  with  each  through  a  ballistic  galvanometer, 
the  two  swings  of  the  galvanometer  needle  will  he  proportional  to 
the  e.m.f.  of  the  standard  cell,  and  the  cell  of  unknown  e.m.f.  from 
which  the  unknown  value  cin  be  determined. 

The  connections  for  making  such  a  test  are  shown  in  ^g.  96, 
which  allows  of  a  very  rapid  charge  and  discharge  by  simply  putting 
down  the  key  for  an  instant  and  then  releasing  it  Putting  down 
the  key  connects  the  cell  on  to  the  condenser,  and  breaks  the 


6 


a: 


Fig.  96. 


connection  between  the  condenser  and  the  galvanometer,  while 
releasing  the  key  breaks  the  cell  circuit,  and  completes  the  circuit 
between  the  condenser  and  the  galvanometer. 

The  time  occupied  in  putting  down  and  releasing  the  key 
should  be  as  short  as  possible,  for  if  prolonged  the  discbarge  of 
the  condenser  is  also  prolonged,  owing  to  some  of  the  charge 
penetrating  into  the  insulator  and  requiring  time  to  again  leak  out, 
and  in  such  a  case  the  first  swings  of  the  ballistic  galvanometer 
are  not  proportional  to  the  quantities  discharged  through  it  as 
pointed  out  in  describing  the  instrument. 

Suppose  in  a  certain  case  with  the  standard  cell  =  i  volt,  and 
a  condenser  of  ^  m.f,  capacity,  we  obtain  a  swing  of  aoo  divisions, 
and  with  the  same  condenser  and  the  cell  of  unknown  e.m.f.  we 
obtain  a  swing  of  300  divisions,  then — 
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200  ;  300  : :  r  X  J  m.f.  : 
Therefore  aoo  :  300  : 


Therefore  j 


High  voltages  could  be  measured  by  this  method  if  we  adopt 
the  device  described  with  the  potentiometer  for  so  doing,  and  also 
measurements  of  current  strength  by  measuring  the  e.m.f.  on  a 
standard  low  resistance  placed  in  the  circuit,  but  care  must  be 
taken  in  such  cases  that  the  galvanometer  needle  is  not  influenced 
by  the  iield  created  by  the  large  current.  This  is  obviated  if  a 
D'Arsonval  type  of  galvanometer  be  employed,  which  of  course 
would  have  to  be  made  without  the  damping  coil  frame,  and  with 
a  relatively  heavy  moving  coil.  Of  course  with  known  e.m.f.'s 
capacities  may  be  compared  in  the  same  manner. 

We  now  turn  to  consider  another  measurement,  viz.,  the  deter- 
mination of  the  magnetic  permeability  of  a  specimen  of  iron. 

The  piece  of  iron  to  be  experimented  with  should  either  be  a 
long  bar,  or  if  short,  should  be  welded  into  the  form  of  a  ring 
and  tamed  in  the  lathe  so  as  to  be  uniform  in  sectional  area. 
We  will  consider  the  sample  in  the  form  of  a  long  bar  first. 

First  wind  the  bar  uniformly  from  end  to  end  with  insulated 
wire,  carefully  counting  the  number  of  turns  put  on.  Accurately 
measure  the  length  and  sectional  area  of  the  bar  in  centimetres 
and  square  centimetres  respectively.  Divide  the  total  number  of 
turns  by  the  length,  and  so  get  the  number  of  turns  per  centimetre 
length. 

If  now  a  current  be  passed  through  the  coil,  the  number  of 
lines  of  force  per  square  centimetre  will  be  equal  to  2=1.25 
ampere  turns  per  centimetre  x  ^  and  fi  =  ~ !2?? 

The  total  lines  may  be  measured  by  simply  noting  the  deflec- 
tion produced  by  the  magnetised  bar  on  a  sensitive  magneto- 
meter, which  consists  of  a  small  magnetic  needle  suspended  by 
a  single  fibre  of  silk,  and  furnished  with  a  mirror  similar  to  that 
described  in  the  case  of  the  galvanometer,  but  with  a  single  needle 
instead  of  the  astatic  combination.  This  instrument,  protected 
from  draughts  by  a  case  of  wood,  brass,  or  other  non-magnetic 
material,  is  placed  at  any  measured  distance  in  millimetres  from 
the  bar  under  test,  and  so  arranged  that  the  needle  lies  at  right 
angles  to  the  axis  of  the  bar. 
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A  spot  of  light  serves  for  tbe  index  as  in  Ihe  case  of  the 


The  bar  of  iron  is  placed  behind  tbe  magnetometer  at  a  fairly 
la^e  distance  from  it,  and  the  distance  from  the  needle  to  the 
centre  of  the  bar  accurately  measured.  The  arrangement  is 
shown  in  Fig.  97. 

Now  when  the  bar  is  magnetised  the  needle  will  be  deflected, 
and  the  deflection  in  millimetres  must  be  read  on  the  scale  for  a 
number  of  different  values  of  the  current,  i.e.,  fof  different  values 
of  ampere  turns  per  centimetre,  and  the  total  lines  of  force  are 
calculated  from  the  formula — 

H    <f  tangent  deflection 
H  3 

where  h  b  the  magn^c  moment  of  the  bar.    This  is  equal  to  the 
strength  of  the  pole  s  in  unit  poles  x  length  of  the  bar  in  centi- 


^ 


F«-  97- 

metres=/.  Therefore  M=fx /.  h  is  the  intensity  of  the  earth's 
controlling  field  on  the  m^netometer  needle,  and  if  the  place 
where  the  experiment  is  made  be  free  from  large  masses  of  iron, 
such  as  iron  girders,  H  will  be  equal  to  .16  in  England.  It 
however  varies  with  position,  but  is  known  very  accurately  for 
different  places  and  is  tabulated.  If  not  known,  it  can  be  easily 
determined. 

^  is  the  distance  from  the  magnetometer  needle  to  the  centre 
of  the  bar,  cubed,  and  therefore  any  error  in  measuring  this 
distance  will  very  materially  affect  the  acccuracy  of  the  measure- 
ment, as  the  error  will  also  be  cubed. 

The  "  tangent  of  the  deflection  "  is  got  by  dividing  half  the 
deflection  in  millimetres  by  the  distance  of  the  scale  from  the 
magnetometer  needle  in  millimetres,  for,  as  already  pointed  out. 
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the  angular  movement  of  the  index  is  always  twice  that  of  the 
minor  and  needle. 

The  proof  of  this  formula  and  also  the  method  of  determining 
H  are  simple,  but  rather  too  lengthy  to  enter  on  here,  and  the 
student  will  find  both  in  almost  any  text-book  on  magnetism. 

From  this  formula 

H    d*iasxa .  .,    hi^  tan  a 


and  all  on  the  right  are  known  quantities,  therefore  u  is  easily 
determined.  Now  if  we  divide  m  by  the  length  of  the  bar  in 
centimetres  we  get  s,  the  strength  of  the  pole  of  the  bar  formed 
by  a  certain  number  of  ampere  turns  per  centimetre.  This  ts  the 
strength  of  pole  in  unit  poles,  which  we  have  seen  are  each  equal 
to  4ir  lines  of  force.  Therefore  the  total  lines  of  force  produced 
in  the  iron  bar  =  4irx  lines. 

B  is  now  equid  to  12-!™ 
.    sec.  area 

This  can  be  repeated  for  any  number  of  values  of  the  current 
and  corresponding  values  of  b  obtained.  These  values  can  then 
be  plotted  in  a  curve  of  permeability,  or  a  b — h  curve,  for  the 
corresponding  value  of  h  =>  1.35  ampere  turns  per  centimetre,  as 
pointed  out  in  Chapter  V. 

If  the  iron  be  welded  into  a  ring  and  turned  up,  we  can  use  the 
ballistic  galvanometer  in  measuring  the  total  lines  of  force. 

First  measure  the  mean  length  of  the  iron  ring  and  its  sectional 
area,  then  closely  wind  it  evenly  all  over  with  a  coil  of  wire, 
counting  the  turns  put  on.  Connect  it  up  to  an  adjustable 
resistance,  a  reversing  key,  a  few  accumulators,  and  a  conect 
reading  ammeter,  so  as  to  be  able  to  alter  the  current  strength 
readily,  and  reverse  it  quickly. 

Now  wind  over  this  coil  a  second  coil  of  a  few  turns,  and 
connect  this  in  scries  with  the  similar  coil  of  a  standard  magnet, 
and  with  the  ballistic  galvanometer,  as  shown  in  Fig.  98. 

When  we  switch  on  there  will  be  a  sudden  kick  of  the  galvano- 
meter needle,  due  to  the  lines  of  force  created  in  the  iron  threading 
themselves  through  the  few  turns  connected  to  the  galvanometer. 
This  current  can  now  be  adjusted  to  read  some  small  (even)  value, 
and  the  galvanometer  needle  brought  to  rest  If  we  then  suddenly 
reverse  the  current  by  means  of  the  reversing  switch,  all  the  lines 
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of  force  will  be  first  taken  out  and  then  put  in  in  the  opposite 
direction.  We  therefore  use  the  lines  twice,  and  the  value  of  the 
first  swing  of  the  galvanometer  needle  must  be  halved. 

The  current  can  now  be  increased  and  the  operation  repeated 
as  man^  times  as  we  please,  taking  note  of  the  current  flowing  and 
the  corresponding  half  deflection  of  galvanometer  (first  swing). 
Now  we  have  to  find  out  what  these  galvanometer  readings  mean 
in  lines  of  force,  and  this  is  done  with  the  standard  magnet  by 
allowing  the  coil  of  a  known  number  of  turns  to  cut  through  its 
field  of  a  known  number  of  lines  of  force.  This  gives  us  a  swing 
of  the  galvanometer  needle  which  enables  us  to  calculate  the 
others. 


{T>-x- 


The  first  swii^  of  the  needle  are  proportional  to  the  quantities 
of  electricity  urged  through  the  galvanometer,  and  the  quantity  of 
electricity  urged  round  the  circuit  in  this  way  is  proportional  to 
— ,  where  h  =  total  lines  cut,  T  =  total  turns  cutting  N  lines,  and 

R  =  the  resistance  of  the  circuit. 

Therefore  quantity  urged  through  galvanometer  with  sUndard 
magnet  :  quantity  uiged  through  galvanometer  with  iron  ring  and 
coil  ::  f^Jfor  standard  :  I  —  1  for  iron  ring  and  coiL     But  the 

first  swing  of  the  needle,  which  we  will  call  d,  is  proportional  to 
the  quantity  urged  through,  and  therefore  rf,  for  standard  ;  d^  for 
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ring  :;  -i-i ;  — — ',  and  with  the  circuit  as  aiTanged  in  Fig.  98,  r 

is    the  same  for  both,  and  therefore   cancels  out,  and  we  get 
i/,  :  if,  ; :  N,T, :  n^t,. 

Now  both  1/,  and  d^  are  known,  they  being  the  first  swings  of 
the  galvanometer  for  the  standard,  and  for  any  of  the  values 
obtained  with  the  iron  ring.  Also  m,t,  and  t,  are  known  values, 
being  the  known  lines  and  turns  of  the  standard  and  the  turns  of 
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the  small  coil  wound  on  the  iron  ring,  and  therefore  the  only 
unknown  value  is  n„  the  lines  in  the  ring,  and  n,  =  -'^'  *'  ±,  which 

can  now  be  calculated  for  each  value  of  the  current  used  in  the 
experiment 

B  is  got  by  dividing  k,  by  the  sectional  area  in  each  case,  and 
the  permeability  curve  constructed  as  before,  the  corresponding 
value  of  H  being  obtained  from  h  =  1.15  ampere  turns  per  centi- 
metre for  each  value  of  b. 
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The  standard  magnet  here  described  is  the  invention  of  Mr 
W.  Hibbcrt,  and  is  most  convenient  for  all  such  work.  One  of 
these  has  been  in  use  at  the  Regent  Street  Polytechnic  for  over 
eight  years,  and  absolutely  no  change  in  its  strength  can  be  delected, 
and  therefore  its  constancy  may  be  relied  on.  The  instruments  are 
usually  provided  wiih  two  coils,  one  of  ten  turns  and  the  other  of 
a  hundred  turns,  which  make  it  serviceable  for  almost  any  circuit  or 
instrument  It  gives  us  at  any  time,  without  trouble  or  delay,  a 
definite  quantity  of  electricity  urged  round  any  circuit  in  which 
it  is  connected,  and  this  is  immediately  calculated  when  the  resist- 
ance of  the  circuit  is  known.  It  therefore  becomes  exceedingly 
useful  in  many  kinds  of  work  as  well  as  the  one  just  described. 
A  sketch  of  the  instrument  is  given  in  Fig.  99. 


If  such  a  standard  is  not  available,  we  must  construct  a  substi- 
tute. This  can  be  done  by  taking  a  tube  or  rod  of  brass,  wood, 
or  other  non-magnetic  material,  perrectly  uniform  in  section,  and 
winding  it  evenly  and  carefully  from  end  to  end  with  insulated 
wira  The  length  of  the  rod  should  be  from  50  to  100  times 
its  diameter.  At  the  centre  wind  on  a  second  coil  of  say  twenty 
turns,  which  is  to  be  connected  in  place  of  the  standard  magnet 
coil  in  the  last  experiment. 

In  using  this  standard,  after  obtaining  the  deflections  with 
the  iron  ring  and  coil  we  must  disconnect  them  from  the  battery 
circuit,  and  connect  the  battery  and  ammeter  to  the  long  coil 
of  the  standard.  On  now  switching  on  the  current  we  will 
get  a  certain  number  of  lines  through  the  second  coil  at  the 
centre,  with  a  corresponding  swing  of  the  galvanometer  needle, 
and  the  lines  of  force  passing  throi^h  the  coil  at  the  centre  can 
be  calculated,  for  H  (=1.25  ampere  turns  per  centimetre)  and 
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the  ampere  turns  per  centimetre  are  known,  and  total  lines  =  h  x  sec. 
area  (see  Chapter  V,). 

For  workshop  use,  Professor  Ewing  has  invented  an  instrument 
for  determining  the  permeability  of  samples  of  iron  in  a  very  easy, 
quick,  and  practical  manner.  It  is  known  as  Ewing's  magnetic 
balance  (see  Fig.  100).  It  consists  of  a  long  beam  which  is 
calibrated  to  read  n  direct  by  a  sliding  weight  with  index  similar 
to  those  used  in  weighing  machines.  The  beam  turns  on  a  ful- 
crum near  one  end,  and  directly  under  the  short  arm  of  the  lever 
an  electro-magnet  is  fixed  with  pole  pieces,  the  one  on  the  far  side 


Fig.  loi. 

from  the  fulcrum  being  rounded  on  the  top,  while  the  other  has  a 
V  groove.  A  standard  sample  of  iron  is  supplied  with  the  instru- 
ment to  compare  any  other  with,  in  the  same  way  that  a  standard 
weight  is  used  to  compare  with  any  other  weight.  The  sample  to 
be  tested  must  be  turned  to  the  same  dimensions  as  the  standard, 
viz.,  4  in.  long  by  \  in.  diameter.  The  end  of  the  beam  projects 
down  on  to  the  rounded  pole  piece,  and  is  provided  with  a  hole 
through  which  passes  the  standard  piece  of  iron,  the  far  end  resting 
in  the  V  groove.  The  sliding  weight  being  adjusted  to  its  right 
position  for  the  standard,  the  current  throi^h  the  electro-magnet 
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adjusted  by  a  resistance  till  the  beam  breaks  away  from  the 
pole  piece.  We  then  know  that  we  have  the  right  cuirent  for 
direct  reading  on  the  scale,  this  having  been  made  with  reference 
to  the  standard  piece  of  iron.  We  now  replace  the  standard  by 
the  sample  to  be  tested,  and  keeping  the  current  of  the  same 
strength,  we  adjust  the  position  of  the  slider  till  the  sample  is  just 
pulled  off  as  in  the  case  with  the  standard.  The  value  of  B  for 
the  sample  is  then  read  on  the  beam,  and  h  is  the  same  as  for  the 
standard  which  is  given  by  the  makers,  and  usually  has  a  value 
=  so,  for  with  this  value  the  proportion  will  be  practically  the  same 
■  throughout  the  whole  working  range. 

A  very  similar  instrument  due  to  Fisher-Hinnen  is  shown  in 
Fig.  loi.  The  samples  in  this  case  are  to  be  turned  i  in.  in 
diameter  and  3^  in.  long,  care  being  taken  to  make  the  ends 
perfectly  squara 

In  this  case  the  sliding  weight  is  fairly  massive,  viz.,  14}  lbs., 

while  the  balance  weight  w  with  its  suspending  arm  resting  on  knife 

edges  weighs  49^  lbs.    The  scale  on  the  beam  is  calibrated  by 

placing  known  weights  at  w,  and  marking  the  positions  of  the  slider 

where  balance  is  obtained.     A  second  scale  is  also  engraved  on  the 

beam  to  be  used  with  the  higher  values  of  b,  and  in  this  case  the 

weight  w  is  removed,  thus  enabling  a  short  beam  to  be  used  over 

a  wide  range.    The  values  of  b  corresponding  to  the  marks  on 

the  scale  are  calculated  from  the  formula — 

■n  11  •    J     —    B*  ><  area  in  so.  cm. 
Pull  in  dynes  « — ^ 

One  pound  weight  exerts  a  force  of  981  x  453  dyn  s,  therefore— 

_  „  .  J       li'  X  area  in  sq.  cm 

Pull  in  pounds  =  — ;; — 

8>rx  981x453 

If  the  area  be  measured  in  inches  we  must  multiply  the  area 

in  square  centimetres  by  6.45,  the  number  of  square  centimetres 

to  I  sq.  in.,  and  we  then  get — 

_  „  .  .      B*  X  6.4s  X  area  in  sq.  in. 

Pull  in  pounds  » -^ — -J 

^  8>rx  981x453 


Therefore  B=     /P"" '"  PO"nds x fa x 981  x 453 
V  area  in  sq.  in.  x  6.45 

I  Ci 
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/pull  in  pounds 
a  in  sq.  in. 
The  ammeter  used  with  the  instrument  is  often  calibrated  in 
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ampere  turns  per  centimetre  or  per  inch,  for  the  lurns  in  the  coil 
being  fixed,  h  varies  directly  with  the  current. 

In  practice  the  sample  is  inserted  through  the  coil,  and  the 
short  arm  of  the  lever  brought  down  to  rest  on  the  top.  The 
slider  is  now  placed  to  some  particular  mark  on  the  scale,  and 
a  cunent  sent  through  the  coil.  The  current  is  then  slowly  de- 
creased till  the  short  arm  of  the  lever  breaks  away,  and  B  is  read 
on  one  scale,  and  the  ampere  turns  per  centimetre  on  the  am- 
meter. This  can  be  repeated  for  any  number  of  different  values 
for  B,  and  the  permeability  curve  plotted  from  the  results. 

Another  instrument  for  effecting  the  same  thing  is  due  to 
Professor  S.  P.  Thompson  (see  Fig.  102).     It  consists  of  a  block 


Fig.  ita. 

of  soft  iron,  rectangular  in  shape,  with  the  centre  cut  away,  and  a 
coil  of  known  turns  wound  on  a  brass  tube  placed  in  the  centre. 
A  hole  the  same  size  as  the  bore  of  the  brass  tube  is  drilled 
through  the  top,  and  the  rod  of  the  iron  to  be  tested,  after  being 
turned  to  fit  the  hole,  and  made  perfectly  square  at  its  lower  end, 
is  inserted  in  the  coil  so  as  to  rest  on  the  iron  block.  A  current 
is  now  sent  through  the  coil,  and  the  pull  required  to  drag  the 
core  from  its  seating  on  the  block  is  read  on  a  spring  balance 
fixed  to  its  outer  end.  The  current  is  adjusted  in  strength,  and 
read  on  an  ammeter  in  series  with  the  coil,  and  therefore  the 
amiKire  turns  per  centimetre  are  easily  calculated  for  any  values 
of  the  pull,  and  b  is  calculated  as  before.  These  methods  are 
not  so  accurate  as  those  described  earlier,  but  are  often  quite 
accurate  enough  for  commercial  purposes. 
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ARC  LAMPS. 

Very  many  arc  lamps  have  been  devised  since  the  day  when 
Sir  Humphry  Davy  struck  the  first  arc  between  two  pieces  of  gas 
carbon  using  a  large  battery  of  primary  cells.  The  caibons  in 
this  case  and  in  many  of  the  following  lamps  were  ananged 
horizontally,  and  the  current  of  heated  air  which  arose  when  the 
arc  was  struck  caused  the  glowing  carbon  vapour  which  consti- 
tutes the  arc  to  arch  over  from  one  carbon  to  the  other,  whence 
the  name  arc  In  all  modem  lamps  the  carbons  are  arranged 
more  or  less  in  a  vertical  position,  and  the  glowing  carbon 
vapour  in  them  has  no  tendency  to  arch. 

Many  of  the  early  arc  lamps  are  extremely  interesting,  and 
show  a  high  degree  of  ingenuity  on  the  part  of  the  inventors.  It 
is  not  our  object,  however,  to  study  the  history  of  the  subject,  but 
to  get  a  knowledge  of  the  principles  underlying  the  whole,  and  of 
certain  typical  lamps  to  be  found  in  successful  and  extensive  use 
at  the  present  time. 

All  arc  lamps  of  the  same  type  have  to  do  practically  the  same 
operations,  and  the  differences  in  construction  are  simply  different 
mechanical  devices  for  obtaining  the  same  result  The  essentials 
of  them  all  are,  first,  they  must  allow  the  carbons  to  come  into 
contact  when  the  current  through  them  is  interrupted  or  cut  off; 
second,  they  must  strike  the  arc  immediately  the  current  is  switched 
on,  that  is,  they  must  contain  some  arrangement  for  separating  the 
carbons  when  the  current  is  switched  on ;  and  third,  they  must 
feed  the  carbons  together  as  they  burn  away,  and  so  maintain  the 
arc  at  a  constant  length. 

Arc  lamps  can  be  divided  into  two  classes — open  and  en- 
closed. The  former  being  the  older  of  the  two,  will  be  considered 
first 

To  work  well  these  lamps  require  a  potential  difference  on 
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their  terminals  of  from  45  to  50  volts,  and  unlike  the  smaller 
well-known  incandescent  lamps,  they  cannot  be  made  to  work  at 
all  with  a  less  pressure  than  39  volts.  The  current  required  by  any 
lamp  depends  on  its  size,  and  if  the  current  be  large,  the  carbons 
employed  must  also  be  thicker. 

The  carbons  slowly  bum  away,  and  the  +  carbon,  or  the  one 
by  which  the  current  is  led  into  the  arc,  burns  away  practically  twice 
as  fast  as  the  other,  and  therefore  some  arrangement  must  be 
made  for  feedii^  one  faster  than  the  other.  The  arrangement 
commonly  adopted  is  to  make  the  +  carbon  twice  the  sectional 
area  of  the  -  carbon.  The  arc  is  usually  about  y\  in.  in  length, 
and  this  constitutes  the  principal  resistance  of  the  lamp,  conse- 
quently at  the  moment  of  switching  on  a  much  lai^er  current 
than  the  normal  will  flow  till  the  arc  is  struck. 

Nearly  all  the  light  from  the  arc  comes  from  the  intensely 
white  hot  crater  formed  in  the  end  of  the  positive  carbon.  The 
heat  at  this  part  is  exceedingly  intense,  measured  in  thousands  of 
degrees.  It  is  in  fact  the  most  intense  heat  obtainable  up  to  the 
present,  and  many  substances  which  cannot  be  melted  in  any 
other  way  are  easily  and  readily  reduced  when  placed  in  the  arc 
This  has  led  to  its  application  for  the  production  of  aluminium, 
carborundum,  calcium  carbide,  &c. 

The  negative  carbon  bums  away  and  forms  a  point  at  the 
end)  this  being  made  white  hot,  principally  by  being  roasted, 
as  it  were,  in  the  intense  heat  of  the  positive  crater.  The  end  of 
the  positive  carbon  burns  cone-shaped  also,  due  to  the  air  coming 
into  contact  with  the  outer  edges.  The  appearance  of  the  direct 
current  arc  is  shown  in  Fig.  no.  We  shall  consider  the  modi- 
fications due  to  alternating  currents  later. 

Arc  lamps  can  be  run  either  in  series  or  parallel,  providing 
the  necessary  precautions  be  taken.  The  cunent  through  most 
arc  lamps  is  usually  eight  or  ten  times  that  required  for  an 
incandescent  lamp  of  33  candle-power,  and  consequently  if  we 
have  many  in  parallel  the  cables  required  become  excessively 
large.  This  has  led  to  the  practice  of  putting  ten  or  more  lamps 
in  series,  for  then  the  cables  need  only  be  large  enough  to  carry 
the  current  for  one  lamp,  but  the  e.m.f.  has  to  be  ten  times  that 
required  for  one  lamp. 

In  either  case  we  must  consider  certain  details  if  the  lamps 
are  to  work  well.     In  the  parallel  arrangement  it  will  not  do  to 
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run  our  mains  at  50  volts  and  join  all  the  lamps  across,  for  they 
would  be  very  unsteady,  giving  an  unpleasant  fluctuating  light 
The  reason  for  this  is  easily  seen  if  we  consider  a  single  lamp. 
The  resistance  of  the  lamp  being  principally  that  of  the  arc,  this 
constitutes  the  principal  resistance  of  the  circuit  Now,  should 
one  of  many  possible  things  occur  to  cause  a  slight  alteration  in 
the  arc,  the  current  will  alter  accordingly,  and  as  we  have  already 
seen,  the  heating  effect  will  alter  as  the  square  of  the  current, 
if  other  Uiings  remain  unchanged,  consequently  any  slight  irre- 
gularities in  the  burning  are  very  marked,  and  the  lamp  bums 
unsteadily. 

But  suppose  we  run  our  mains  at  say  70  volts,  and  the  power 
taken  by  tlie  lamp  be  10  amperes  at  50  volts,  then  we  must 
expend  200  watts  on  a  resistance  in  series  with  the  tamp.  This 
resistance  must  be  able  to  cany  10  amperes  without  overmuch 
heat,  and  with  that  current  cause  a  fall  in  potential  on  it  of  30 
volts.  Its  resistance  must  therefore  be  \%=  2  ohms.  If  now  we 
get  the  same  slight  irregularities  in  the  arc,  the  total  resistance 
of  the  circuit  is  not  materially  altered,  for  the  arc  fonns  only  a 
portion  of  the  total  resistance,  and  to  produce  the  same  variations 
in  current  strength  as  in  the  preceding  case  without  the  resistance 
in  series,  the  arc  would  have  to  vary  very  much  more.  The  arc 
therefore  bums  with  a  much  steadier  light  with  this  resistance  in 
series,  but  we  only  get  it  by  an  expenditure  of  energy  in  the 
resistance,  for  which  we  get  no  return,  except  in  the  steadier 
burning  of  the  lamp.  This  resistance  is  known  as  a  steadying 
resistance. 

In  the  case  of  a  100  volt  circuit  two  lamps  may  be  put  in  series 
without  a  steadying  resistance,  in  which  case  we  waste  no  power 
but  the  lamps  do  not  work  quite  so  steadily  as  with  the  steadying 
resistance,  for  though  one  lamp  forms  as  it  were  a  steadying  resist- 
ance to  the  other,  it  often  happens  that  both  lamps  vary  slightly 
in  the  same  way  at  the  same  time,  and  the  special  devices  necessary 
for  series  lamps  must  be  also  provided  with  them. 

If  we  have  a  number  working  in  series,  no  steadying  resistance 
b  necessary,  for  any  shght  alteration  in  the  arc  of  one  lamp  causes 
no  appreciable  alteration  in  the  current,  for  the  total  resistance  of 
the  circuit  is  ten  times  (if  ten  lamps  be  in  series)  that  of  one  lamp. 
But  we  must  now  provide  against  another  possible  contingency, 
nz.,  the  possibility  of  one  lamp  sticking  and  the  arc  burning  to 
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such  a  length  that  it  can  no  longer  be  maintained,  in  which  case 
it,  tt^ether  with  the  whole  number  in  series,  would  go  out.  In  a 
series  arrangement  of  arc  lamps  it  is  therefore  necessary  to  provide 
some  automatic  cut  out  which  will  come  into  operation  whenever 
the  resistance  of  any  lamp  exceeds  a  certain  prearranged  value,  and 


Fig.  103. 

also  an  additional  coil  is  necessary  for  feeding  the  carbons,  as  will 
be  seen  almost  immediately. 

Evidently  if  the  carbons  burn  away  at  a  rate  depending  on  the 
current  through  the  arc,  the  best  way  of  controlling  the  length  of 
the  arc  would  be  by  the  arc  lamp  current  rather  than  by  clock- 
work or  any  similar  device,  and  this  is  now  the  universal  plan 
adopted. 
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Let  us  first  consider  the  simplest  case  of  an  arc  lamp  intended 
for  parallel  running. 

Fig.  103  shovs  a  diagram  of  an  arc  lamp  to  be  found  in  fairly 
extensive  use,  distorted  in  places  so  as  to  show  tU  :Tation  between 
the  various  parts  more  dearly.  This  lamp  in  its  completed  form 
is  known  as  the  Brockie-Pell,  and  the  mechanism  there  employed 
will  serve  to  illustrate  the  action  of  all  lamps  of  this  type. 

Here  the  circuit,  starting  at  the  left-hand  tenninal,  passes  round 
the  series  coil,  wound  with  a  few  turns  of  thick  wire,  and  then  to 
the  framework  of  the  lamp,  and  so  to  the  top  carbon  holder  which 
is  in  electrical  connection  with  the  framework.  From  here  the  cir- 
cuit is  completed  through  the  carbons  to  the  lower  carbon  holder, 
which  is  held  in  guides  insulated  from  the  frame,  and  from  this 
to  the  second  terminal.  The  upper  and  lower  carbon  holders  are 
connected  by  an  insulating  cord,  so  that  as  the  top  carbon  holder 
rises  the  lower  one  falls,  but  the  top  carbon  and  holder  being  the 
heavier  of  the  two,  the  carbons  always  run  together  when  no 
current  flows  in  the  lamp  circuit 

The  top  carbon  holder  is  provided  with  a  rack  into  which  gears 
a  pinion,  and  to  the  same  pinion  spindle  is  fixed  the  brake  wheel, 
and  therefore  the  top  carbon  holder  cannot  move  up  or  down 
without  turning  the  brake  wheel.  When  no  current  flows  this 
wheel  is  quite  free  to  move,  and  consequently  the  carbons  always 
run  t<^ether,  but  when  a  current  is  switched  on,  which  will  be 
lai^e  while  the  carbons  are  together,  we  get  a  strong  pull  upwards 
of  the  iron  core  in  the  coil,  and  a  corresponding  pull  on  the  levers 
attached  to  it,  which  causes  the  band  to  grip  the  lim  of  the 
wheel,  and  the  whole  is  turned  through  a  small  angle,  thus 
separating  the  carbons  and  striking  the  arc  The  movement  need 
not  be  great,  for  if  the  top  carbon  be  lifted  -^^  in.,  the  lower  carbon 
falls  to  an  equal  d^ee.  The  small  brass  sector,  to  which  one  end 
of  the  band  brake  is  fixed,  is  centred  on  the  pinion  spindle,  but  is 
not  fixed  to  it,  its  movement  being  quite  independent  of  the 
movement  of  the  pinion  and  brake  wheel.  When  no  current  is 
flowing  the  weight  of  this  sector  is  carried  by  a  stop,  which  thus 
takes  the  brake  off  the  wheel. 

We  will  now  imngine  that  a  current  is  switched  on.  Imme- 
diately the  lever  is  drawn  up  by  the  iron  core,  the  band  grips  the 
brake  wheel  and  raises  it,  the  carbons  separate,  and  the  arc  is 
struck,  with  a  diminution  in  current  in  consequence.     But  now  in 
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a  short  time  the  arc  will  increase  in  length  owing  to  the  carbons 
burning  away,  and  the  aic  lamp  is  required  to  feed  the  cartx>ns 
together  as  they  bum.  As  the  arc  increases  in  length,  so  the 
resistance  of  the  lamp  increases,  and  consequently  the  smaller  the 
current  becomes  with  a  corresponding  diminution  in  the  pull  of 
the  coil  on  the  iron  core.  This  causes  the  iron  core  to  drop  slowly, 
and  with  it  the  sector,  brake  wheel,  and  upper  cart>on,  the  lower 
carbon  rising  to  an  equal  degree.  A  point  is  soon  reached  in  this 
way  when  the  sector  is  in  contact  with  the  stop,  and  now  it  can 
fall  no  further ;  but  as  the  iron  core  continues  to  fall  the  band 
is  slackened  until  the  brake  wheel  is  on  the  point  of  slipping,  and 
this  is  the  normal  working  point  for  the  lamp.  Should  the  arc 
now  increase  in  length  slightly,  the  band  is  slackened  somewhat, 
and  the  brake  wheel  slips  a  trifle.  If  it  goes  too  far,  the  band 
again  grips  the  brake  wheel,  and  the  whole  is  raised  slightly. 
Therefore  when  burning  normally,  the  brake  wheel  is  constantly 
and  almost  imperceptibly  on  the  move,  feeding  the  carbons  as 
the  arc  bums,  and  still  constantly  adjusting  the  length  of  the  arc, 
keeping  it  practically  the  same  throughout 

It  will  therefore  be  seen  that  the  variations  in  the  current 
strength  caused  by  variations  in  the  length  of  the  arc  are  made  to 
r^ulate  the  feeding  of  the  lamp,  and  on  parallel  circuits,  when 
provided  with  a  steadying  resistance,  this  is  all  that  is  required. 

If  it  is  to  be  used  in  series  with  others,  however,  we  must 
provide  a  second  coil,  which,  though  not  absolutely  necessary  for 
parallel  working,  is  often  provided  in  that  case  as  well,  for  it  will 
work  equally  well  in  parallel  with  this  addition,  and  the  lamps  are 
then  suitable  for  either  parallel  or  series  working,  This  coil  is 
wound  with  fine  wire  so  as  to  have  a  high  resistance  compared 
with  that  of  the  series  coil,  and  is  connected  direct  across  the 
lamp  terminals.  A  second  iron  core,  attached  to  the  first  by  a 
rocking  lever  or  see-saw,  is  provided  in  this  shunt  circuit  coil,  so 
that  as  one  core  is  drawn  up  the  other  must  come  down,  as  shown 
in  Fig.  103. 

We  now  have  in  the  lamp  two  circuits  in  parallel,  and  in  such 
circuits  the  current  always  divides  inversely  proportional  to  the 
resistance  of  the  parts,  and  therefore  we  now  get  a  control  of 
the  arc  even  though  the  main  current  be  praaicatly  constant  in 
strength.  We  have  already  seen  that  in  a  series  arrangement  the 
alteration  in  the  length  of  the  arc  in  one  lamp,  even  through  a 
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considerable  range,  does  not  materially  affect  the  value  of  the 
current,  as  it  forms  but  a  small  fraction  of  the  total  resistance  of 
the  circuit,  but  being  provided  with  the  shunt  coil  for  feeding, 
each  lamp  in  the  series  is  independent  of  the  remainder.  For 
simplicity,  we  can  imagine  the  current  in  the  main  circuit  to  be 
quite  constant  and  equal  to  say  lo  amperes.  When  the  carbons 
are  in  contact  the  resistance  of  this  part  of  the  circuit  will  be  very 
much  less  than  that  of  the  shunt  circuit,  consequently  almost  the 
whole  of  the  lo  amperes  takes  the  path  through  the  carbons  and 
series  coil,  and  we  get  a  strong  pull  on  the  core  in  this  coil,  which 
separates  the  carbons  and  strikes  the  arc.  But  immediately  the 
arc  is  struck  a  resistance  is  introduced  into  this  part  of  the  circuit, 
and  consequently  less  current  flows  through  the  series  circuit  and 
more  through  the  shunt,  and  the  two  cores  adjust  themselves  in 
the  coils,  till  a  balance  is  obtained  between  the  pull  of  the  series 
coil  and  that  of  the  shunt  coiL  If  the  arc  increases  in  length, 
it  would  not  alter  the  pull  of  the  series  coil  if  it  were  alone, 
but  now,  owing  to  the  increased  resistance  in  the  series  circuit,  the 
supposed  same  strength  current  divides  itself  between  the  series 
and  shunt  circuits  in  inverse  proportion  to  their  resistances,  and 
consequently  a  smaller  fraction  than  before  goes  through  the  series 
coil  and  a  correspondingly  latter  current  through  the  shunt  coil, 
with  the  necessary  alteration  in  the  pull  on  the  cores  of  the  two 
coils.  The  pull  on  the  shunt  coil  core  being  greater,  and  that  of 
the  series  coil  core  less,  both  help  to  shorten  the  length  of  the  arc, 
and  so  keep  it  at  constant  length,  llie  cores  are  prevented  from 
moving  with  a  sudden  or  jumpy  action  by  providing  one  or  both 
with  a  dash-pot. 

There  is  still  another  point  to  be  considered.  Should  one 
lamp  in  the  series  get  out  of  order,  and  the  arc  increase  in  length 
very  considerably,  it  will  eventually  go  out,  and  break  the  circuit 
of  the  remaining  lamps,  thus  putting  the  whole  series  out.  To 
prevent  this  an  automatic  short  circuit  must  be  provided  with  each 
lamp,  and  connected  in  its  shunt  circuit,  so  as  to  cut  out  the  lamp 
and  put  into  the  circuit  an  equivalent  resistance,  should  such  occur. 
This  can  be  made  separately  and  connected  up  in  any  convenient 
place,  or  can  be  placed  inside  the  lamp  itself  as  a  permanent 
addition.  To  illustrate  the  action,  consider  the  arrangement  shown 
in  Figs.  103  and  104.  Into  the  shunt  circuit  is  placed  a  small 
electro-magnet  with  pole  pieces  and  an  iron  armature.     The  latter 
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is  held  ofT  and  out  of  contact  with  an  insulated  stud  by  an  adjust- 
able spring.  As  the  arc  increases  in  length,  the  current  through 
the  shunt  circuit  increases,  and  so  the  pull  on  the  armature 
increases,  till  a  point  is  reached  where  the  armature  flies  over  and 
comes  into  contact  with  the  stud  both  of  which  should  be  tipped 
with  platinum  at  the  [loint  of  contact  to  prevent  corrosion  and  bad 
contact  When  this  occurs  we  have  another  circuit  completed 
through  the  lamp,  viz.,  from  t,  through  a  resistance  to  terminal 
Tg  and  consequently  the  current  through  the  shunt  circuit  would 


Fig.  104. 


again  diminish  considerably  immediately  contact  was  made  between 
the  armature  and  the  stud,  and  the  armature  would  be  released, 
only  to  be  again  attracted  a  moment  later,  like  the  armature  of  a 
trembling  electric  bell.  To  prevent  this,  the  current  that  flows 
through  the  resistance  when  the  contact  is  made  is  also  led  a 
few  times  round  the  electro-magnet,  which  effectually  holds  the 
armature  in  contact.  The  point  where  the  automatic  cut-out  shall 
come  into  action  (which  should  in  every  case  be  i>efore  the  lamp 
actually  goes  out)  can  be  regulated  by  adjusting  the  tension  on 
the  armature  spring. 
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A  better  form  of  this  inslniment  which  has  been  found  to 
work  very  satis ractorily  in  practice  is  shown  in  Fig.  105.  The 
shunt  circuit  coil  is  here  wound  on  a  hollow  bobbin  of  brass 
fixed  to  one  side  of  a  slate  base  plate,  the  ends  being  furnished 
with  thick  cover  plates.  Through  the  lower  end  plate  an  adjusting 
screw  passes  which  controls  the  position  of  a  short  rod  of  iron 
inside  the  coil.  Through  the  upper  end  plate  a  brass  pin  is  free 
to  move,  but  is  prevented  from  falling  through  the  coil  by  a  small 
pin  being  inserted  in  a  hole  near  its  upper  end.  On  the  top  of 
this  brass  pin  rests  the  end  of  a  lever,  held  down  by  the  force  of 
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gravity,  and  also  with  a  small  spring.  Near  the  centre  of  the 
base  an  insulating  ring  is  arranged  so  as  to  be  free  to  rotate 
through  a  small  angle,  and  a  spring  at  the  centre  is  adjusted 
to  hoid  it  normally  hard  over,  in  the  anticlockwise  sense.  Fixed 
to  this  disc  are  two  wide  switch  contacts  which  are  arranged  to 
slide  over  six  contacts  fixed  to  the  slate  base,  and  each  is 
wide  enough  to  short  circuit  two  of  them.  The  mains  are  con- 
nected to  the  two  centre  contacts,  while  the  arc  lamp  is  con- 
nected between  the  left-hand  lower  and  right-hand  upper  contacts, 
he  coil  being  also  joined  to  these  same  two  points,  and  there- 
fore forms  a  shunt  on  the  lamp.     To  the  other  outer  contact 
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a  resistance  equal  to  that  of  the  lamp  when  burning  normally  is 
fixeti,  as  shown,  but  is  usually  a  separate  piece  of  apparatus  wound 
on  some  insulating  fireproof  material  such  as  porcelain.  To  the 
insulating  disc  which  carries  the  moving  contacts  is  also  attached 
a  lever,  the  upper  end  of  which  engages  in  a  notch  in  the  top 
lever  when  it  is  pulled  into  that  position,  and  so  keeps  the  switch 
in  the  position  shown  against  the  action  of  its  spring,  which  would 
if  free  pull  it  over  to  the  other  side. 


Fig.  106. 

If  now  anything  should  go  wrong  with  the  arc  lamp,  the 
current  in  the  shunt  coil  would  increase  till  it  reached  a  point 
where  it  would  suddenly  pull  up  the  block  of  iron  inside  it,  and 
this  striking  the  brass  pin,  would  raise  the  lever  resting  on  it,  and 
release  the  switch  lever,  which  would  immediately  fly  over  to  the 
other  side,  and  so  break  the  arc  lamp  circuit,  and  connect  the 
resistance  on  to  the  mains  in  its  place.  This  is  more  certain 
in  its  action  than  the  form  described  previously,  for  it  has  nibbing 
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contacts  which  make  a  much  better  connection  than  a  simple 
touching  contact.  It  is  adjusted  by  means  of  the  screw  at  the 
lower  end  of  the  coil,  which  adjusts  the  position  of  the  iron  core. 
The  whole  is  enclosed  in  a  dust  and  damp  proof  iron  case,  and 
is  often  fixed  in  the  base  of  the  arc  lamp  post,  the  ctmductors 
bdng  taken  through  holes  with  insulating  bushes,  which  are  then 
pnade  watertight  with  n^arine  glue. 

Messrs  Crompton  &  Co.  make  a  very  good  lamp,  known  as 
the  "  Crompton-Pochin,"  a  view  of  the  working  parts  of  which  is 
given  in  Fig.  io6.  In  this  there  are  two  brake  wheels,  one  on 
either  side  of  the  racked  carbon  holder,  and  the  spindle  carryii^ 
them  and  the  pinion  wheel  runs  in  bearings  formed  in  a  small 
brass  block  which  is  free  to  slide  up  or  down  the  carbon  holder, 
but  of  course  causing  the  brake  wheels  to  spin  round  in  so  moving. 
When  the  series  core  is  attracted  by  the  current  in  the  series  coil 
a  pin  is  brought  into  contact  with  each  brake  wheel,  and  the 
further  upward  movement  of  the  core  carries  the  brake  wheels 
and  upper  carbon  holder  bodily,  for  if  the  brake  wheels  cannot 
spin  round  the  small  brass  block  cannot  move  up  or  down  the 
rack  rod.  In  this  way  the  arc  is  struck,  and  the  whole  again 
descends  for  feeding,  until  the  brass  block  carrying  the  brake 
wheels  comes  into  contact  with  a  small  pin  rising  from  the  base. 
If  the  series  coil  now  releases  its  hold  on  the  core  still  further, 
the  brake  pin  also  releases  its  hold  on  the  brake  wheels,  which 
therefore  begin  to  slip,  and  the  feeding  and  regulating  goes  on  as 
described  in  the  case  of  the  Brockie-Pell  arc  lamp. 

Of  late  years  another  type  of  lamp  has  come  into  very  extensive 
use,  known  as  the  "enclosed  "  arc  lamp,  from  the  fact  that  the 
arc  is  more  or  less  enclosed  in  a  space  where  access  to  the  air 
is  restricted.  The  immediate  consequence  of  this  is  that  in  a 
shcMTt  time  after  the  arc  is  struck  the  whole  of  the  oxygen  in  the 
enclosure  is  converted  into  carbon  monoxide  gas,  which  is  unable 
to  support  further  combustion.  The  carbons  then  slowly  volatilise, 
and  the  arc  is  maintained  across  the  heated  carbon  vapour.  The 
result  of  not  burning  is  that  the  carbons  last  a  very  much  longer 
time  than  in  the  open  type,  and  this  constitutes  its  chief  advantage. 

The  lamps  are  not  made  air-tight,  for  such  an  arrangement 
would  be  difficult  to  mcuntain.  It  has  been  accomplished,  how- 
ever, in  certain  lamps  intended  for  submarine  illumination,  but 
is  not  at  all  necessary  for  ordinary  work.    The  access  of  air  ts 
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more  carefhlly  restricted  about  the  bottom  carbon  only,  and  the 
heavier  carbon  monoxide  gas  formed  prevents  ingress  of  air  except 
for  any  s%ht  amount  due  to  diffusion. 

Owing  to  there  being 
practically  no  burning  of  the 
carbons  we  can  employ  a  much 
longer  arc  than  is  workable 
in  the  open  type  with  a  corre- 
spondingly higher  difference 
of  potential  on  the  lamp  ter- 
minals. Thus  on  a  100  volt 
circuit  about  75  volts  can  be 
used  on  the  arc,  and  the  re- 
maining 35  volts  on  the 
steadying  resistance.  It  is 
owing  to  the  non-burning  of 
the  carbons  that  they  remain 
practically  flat  at  the  ends, 
instead  of  the  pointed  n^ative 
and  coned  positive  in  the  open 
type. 

For  a  given  power  these 
lamps  give  rather  less  light 
than  the  open  form,  but  as 
the  carbons  last  such  a  much 
loiter  time  (roughly  ten  times 
as  long),  much  less  attention 
in  trimming  and  fewer  carbons 
are  necessary.  But  it  must  be 
remembered  that  only  carbons 
of  the  very  first  quality  will  do 
for  enclosed  arcs.  If  certain 
cheaper  carbons  (which  may 
give  very  good  results  in  an 
open  lamp)  be  used  in  an  en- 
closed, it  is  found  that  after 
a  few  hours'  run  a  thick  white  f^-  i"?- 

coating,  composed  chiefly  of 

silica,  has  deposited  itself  over  the  inner  surface  of  the  enclosure, 
which  absorbs  a  large  proportion  of  the  light.    Therefore  there 
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is  not  so  veiy  much  saving  in  the  actual  cost  of  the  carbons, 
but  the  cost  of  attention  and  trimming  is  lai^eiy  reduced. 

Many  of  these  lamps  are  provided  with  the  necessary  steadying 
resistance  inside  the  case,  so  that  they  may  be  put  direct  on  to  the 


Fig.  108. 

mains  at  100  or  even  aoo  volts.  The  length  of  the  arc  in  the 
former  case  is  about  |  in.,  maintained  by  a  potential  diflerence  of 
about  75  volts,  while  in  the  latter  case  the  arc  often  reaches  1 J  in, 
in  length  with  a  potential  difference  of  150  volts  on  the  arc. 

One  of  the  first  Iam{)s  of  this  type,  and  one  still  extensively 
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employed,  is  known  as  the  "Jandus."  There  are,  however,  many 
others  on  the  market,  and  the  number  is  steadily  increasing, 
almost  every  arc  lamp  maker  selling  both  the  open  and  enclosed 
types. 

A  very  good  view  of  this  lamp,  from  Fowler's  Electrical 
Engineer's  Year  Book,  is  given  in  Figs.  107  and  108,  from  which 
it  will  be  seen  that  only  one  core  is  provided,  the  series  and 
shunt  coils  being  wound  differentially  {i.e.,  in  opposite  directions) 
on  the  same  bobbin.  The  iron  core  is  consequently  magnetised 
and  attracted  by  the  current  in  the  series  coil,  but  as  the  arc 
increases  in  length,  and  the  current  in  the  shunt  coil  is  thereby 
increased,  the  field  inside  the  coil  and  in  the  iron  core  is 
diminished  in  intensity  and  the  lamp  feeds.  To  understand 
this  action  properly  it  will  be  necessary  to  explain  its  construc- 
tion and  the  method  of  applying  the  brake. 

The  series  and  shunt  coils  are  wound  on  formers  so  as  to  fit 
inside  the  upper  iron  pole  piece,  which  is  turned  slightly  taper  On 
the  inside  and  fixed  to  the  brass  tube  in  the  centre.  It  is  thus 
surrounded  by  iron  on  the  outside,  while  the  iron  core  partly 
completes  the  magnetic  circuit  on  the  inside,  being  turned  at  the 
top  end  to  the  same  taper  as  the  pole  piece.  To  the  lower  end  of 
the  pole  piece  is  screwed  a  dish-shaped  piece  of  iron,  square  on 
the  outer  walls,  as  seen  in  the  section.  This  fits  easily  in  the  brass 
box  in  which  it  moves,  and  the  upper  end  of  the  box  is  fixed  with 
screws  to  the  lower  end  of  the  upper  pole  piece.  This  forms  a 
very  effective  dash-pot,  the  lower  iron  pole  piece  attached  to  the 
core  acting  as  a  piston  in  the  brass  cylinder.  Into  the  lower  end 
of  the  iron  core  three  grooves  are  cut  through,  wide  enough  to 
admit  of  three  rings,  one  of  them  being  seen  in  the  section.  Other 
grooved  rings  are  pivoted  lower  down,  and  form  guides  for  the 
upper  carbon.  The  lower  carbon  is  supported  in  a  holder,  held 
in  its  place  by  four  brass  arms,  which  grip  a  framework  of  brass 
supported  by  two  rods  from  the  top.  By  giving  a  quarter  turn  to 
the  knob  at  the  extreme  lower  end  of  the  lamp  tJiis  holder  is 
released,  tt^ether  with  the  inverted  sheet-iron  dish,  which  closes 
the  opening  in  the  outer  glass  globe  at  the  bottom,  and  the  lower 
carbon  holder  and  inner  glass  cliimney  with  its  loosely  fitting  cast- 
iron  cover  can  be  withdrawn  from  the  lamp  for  cleaning  and 
renewing  the  carbons. 

The  upper  carbon  is  usually  twice  the  length  of  the  lower  one. 
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and  fits  tightly  into  a  thin  brass  tube  at  its  upper  end.  This  is 
free  to  run  up  and  down  between  the  guide  rings  and  the  clutch 
wheels. 

When  a  current  is  switched  on  the  iron  armature  is  drawn  up, 
together  with  the  box  at  its  lower  end,  in  its  endeavour  to  complete 
the  m^netic  circuit,  and  the  clutch  rings,  rolling  on  the  inclined 
plane  of  the  box,  grip  the  upper  carbon  holder,  and  the  whole  is 
thus  raised  bodily.  When  the  resistance  increases,  owing  to  the 
arc  increasing  in  length,  a  lai^er  current  flows  through  the  shunt 
coil,  and  the  core  is  partially  demagnetised,  which  causes  it  to 
move  down  slowly,  and  the  rings  release  their  grip  of  the  carbon 
holder  slightly  and  allow  it  to  slip,  and  in  this  way  the  automatic 
regulation  of  the  feed  is  accomplished. 

Fig.  109  represents  another  lamp,  known  as  the  "ark"  lamp, 
made  by  Messrs  Johnson  &  Philips.  It  is  extremely  simple  in 
construction  and  strongly  made.  For  parallel  working  it  contains 
only  one  coil  in  series  with  the  arc,  and  a  resistance  is  included 
inside  the  case  to  enable  it  to  be  put  direct  on  to  mains  at  100 
volts  or  higher  if  necessary. 

There  is  no  upper  carbon  holder  of  any  kind,  the  clutch 
gripping  the  carbon  rod  direct.  The  current  is  led  into  the 
carbon  by  four  small  copper  connectors,  which  make  contact  by 
being  pivoted  to  one  side  of  the  centre  of  gravity.  This  causes 
them  to  press  gently  but  firmly  against  the  carbon  rod,  and  yet 
allows  of  its  free  movement  under  the  action  of  the  clutch  above. 
This,  together  with  the  clutch,  is  clearly  seen  in  the  section 
(Fig.  109). 

The  clutch  consists  of  four  pieces  of  brass,  pivoted  at  their 
lower  ends  to  a  loose  brass  plate.  These  are  connected  to  the 
movable  iron  pole  piece  by  means  of  pins  which  press  on  the 
inclined  surfaces  of  the  clutch  cams.  When  the  core  is  raised, 
these  pins  press  the  cams  inwards,  and  cause  them  to  clutch  the 
upper  carbon.  The  whole  is  then  moved  up  bodily,  and  the  arc 
struck. 

As  the  carbons  bum  away  the  iron  core  falls,  and  with  it  the 
carbon  rod,  till  finally  the  loose  brass  plate  to  which  the  clutch 
cams  are  pivoted  rests  on  the  framework  of  the  lamp.  The 
further  downward  movement  of  the  core  now  releases  the  grip  of 
the  clutch  cams  and  the  upper  carbon  begins  to  slifs  and  so  the 
feed  is  regulated. 
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The  carbons  for  these  lamps  are  provided  with  a  deep  groove 
near  the  upper  end,  so  that  when  they  are  nearly  exhausted  the 
contact  pieces  engage  in  the  groove,  and  prevent  the  further 
feeding  of  the  carbons. 

The  lower  carbon  fits  into  a  substantial  holder  which  can  be 
screwed  into  and  out  of  an  insulated  support  A  narrow  opales- 
cent glass  cylinder  surrounds  the  arc,  and  is  pressed  between  two 
asbestos  washers  by  screwing  in  the  bottom  carbon  holder.  The 
lamp  is  also  provided  with  an  opalescent  outer  globe  of  large  size, 
conical  in  section.  The  resistance  coil  is  wound  on  a  frame  of 
insulating  material  notched  on  the  outer  edge,  and  surrounds  the 
box  containing  the  iron  core.  This  box  is  bored  to  take  the  en- 
larged end  of  the  iron  core,  which  therefore  acts  as  a  dash-pot. 

The  one  strong  point  in  its  favour  is  its  extreme  simplicity, 
the  number  of  moving  parts  having  been  reduced  to  a  minimum. 
The  whole  lamp  is  of  very  solid  and  durable  construction,  and 
strength  and  rigidity  are  secured  by  making  the  lamp  frame  in  one 
casting. 

With  the  open  type  arc  lamp  the  positive  carbon  becomes 
slightly  coned  near  the  end,  while  at  the  extreme  end  a  crater  is 
formed,  the  size  of  which  depends  on  the  cuncnt.  The  negative 
carbon  bums  to  a  point,  and  thus  allows  a  certain  j)roportion  of 
the  intense  light  from  the  surface  of  the  crater  to  radiate  into  the 
surrounding  space.  With  the  enclosed  arc  the  carbons  remain 
practically  square  at  the  ends,  and  consequently  the  lower  carbon 
would,  with  the  same  length  arc,  cut  off  a  large  proportion  of  the 
light,  but  this  is  counteracted  by  the  greater  length  of  arc  em- 
ployed. F^s.  no  and  tti  show  the  outline  of  the  carbons  in 
an  open  and  enclosed  arc  respectively. 

The  greater  we  make  the  length  of  the  arc,  the  wider  will  be 
the  zone  of  light  having  maximum  illumination.  But  the  arc  can 
only  be  increased  in  length  by  expending  on  it  a  laiger  amount 
of  energy.  The  remaining  space  is  illuminated  by  diffusion. 
With  a  naked  arc,  this  zone  of  light  round  the  arc  is  much  more 
marked  than  when  an  opalescent  globe  is  employed.  In  the  open 
type,  with  its  relatively  short  arc,  some  part  of  the  crater  surface 
is  always  cut  off  by  the  tip  of  the  native  carbon,  whatever  point 
it  be  viewed  from ;  but  with  the  enclosed  arc,  owing  to  the  longer 
length  employed  and  the  small  depth  of  the  crater,  the  whole  of 
the  crater  surface  is  visible  through  a  wide  angle,  and  we  therefore 
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get  a  better  distribution  of  the  light  with  the  long  enclosed  arc. 
The  maximum  intensity  of  light  from  an  open  arc  lamp  is  at  an 
angle  of  about  40°  from  the  horizontal,  and  -^^  of  the  light  is 
included  between  30°  and  50°.  With  the  enclosed  arc  we  get  the 
maximum  light  at  an  angle  of  about  55°,  while  -^^  of  the  light  is 
included  between  25°  and  60°,  but  the  maximum  illumination  for  a 
given  power  for  the  enclosed  is  less  than  for  the  open  type.  From 
figures  published  by  Elihu  Thomson  we  get — 

Watts  per  candle-power  with  naked  arc     =   .5 
„  „  enclosed  arc  =1-5 


Fig.  I 


But  in  practice  naked  arcs  are  not  employed,  and  with  the 
opalescent  globe  we  should  get  an  efliciency  of  about  .75  watt 
pec  candle-power,  or  half  as  much  energy  as  is  spent  on  the 
enclosed  arc. 

Owing  to  the  carbons  lasting  a  much  longer  time  in  the  en- 
closed, there  is  a  tendency  to  neglect  the  lamps  till  they  require 
fresh  carbons,  and  the  outer  and  inner  globes  becoming  coated 
more  or  less  thickly  with  silicious  deposit,  cut  off  more  and  more 
of  the  light,  till  the  efficiency  may  fall  off  to  3  watts  per  candle- 
power  or  even  more.     If  this  is  to  be  avoided,  the  globes  must  be 
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regularly  cleaned,  which  takes  away  the  chief  advantage  of  the 
enclosed  arc,  for  it  involves  very  little  extra  work  to  replace  the 
carboas  while  the  lamp  is  open  for  cleaning. 

In  the  direct  current  open  type  arc  lamp  the  arc  bums  vety 
steadily  once  a  proper  crater  is  formed,  and  with  a  well-made 
modem  lamp  the  feed  is  practically  continuous,  and  little  or  no 
fluctuation  in  the  light  is  noticeable.  With  the  enclosed  lamp, 
however,  the  arc  is  very  unsteady,  wandering  round  the  edges 
and  over  the  faces  of  the  carbon  ends,  giving  a  flickering  and  un- 
steady light ;  so  much  so  that  both  the  inner  and  outer  enclosing 
globes  have  to  be  made  of  opalescent  glass  in  some  cases, 
especially  where  a  steady  light  is  essential. 

If  the  current  be  increased  beyond  a  certain  value  for  any 
given  size  c^bons,  or  if  we  reduce  the  length  of  the  arc  beyond 
a  certain  point,  the  arc  makes  a  peculiar  hissing  noise,  and  the 
light  given  suddenly  diminishes  considerably.  This  is  accom- 
panied by  a  fall  in  the  potential  difference  on  the  lamp,  and  the 
hissing  continues  more  or  less  irregularly  till  the  arc  has  increased 
in  length  or  the  current  diminished. 

Mrs  Ayrtonhas  thoroughly  investigated  this  phenomenon,  and 
from  the  results  of  her  experiments,  which  were  published  in  the 
Tournal  of  the  Institutt  of  Electrkal  Engineen  in  1895,  it  would 
seem  that  the  effect  is  due  to  the  crater  increasing  in  area  as 
the  current  increases,  till  it  finally  breaks  out  at  the  side  of  the 
carbon.  Air  now  having  access  to  the  crater,  gives  rise  to  the  drop 
in  potential  and  the  hissing  noise.  Fig.  113  is  a  reproduction  of 
a  curve,  one  of  a  series  given  by  Mrs  Ayrton,  showing  the  drop 
in  potential  and  the  point  where  hissing  b^ns  as  the  current 
is  increased  in  an  arc  of  4  mm.  length. 

A  direct  current  arc  cannot  be  maintained  under  39  volts, 
and  an  alternating  arc  under  33  volts,  and  this  fact,  together  with 
others,  has  led  to  the  belief  that  the  arc  gives  rise  to  a  back  e.m.1., 
but  this  has  been  challenged,  and  contradicted  by  some  able 
experimenters.  It  is  certain,  however,  that  the  arc  does  not 
behave  as  an  ordinary  conductor,  but  more  like  an  electrolytic 
one,  for  the  resistance  of  the  arc  is  not  at  all  proportional  to  its 
length.  When  the  potential  difference  is  measured  between  the 
positive  carbon  and  a  point  in  the  arc  a  little  way  from  the 
crater,  by  means  of  a  thin  carbon  rod  inserted  in  the  arc,  a  large 
potential  difference  is  found  to  exist,  while  from  this  point  to  the 
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negative  carbon  only  a  slight  potential  difference  can  be  detected, 
even  though  the  length  of  arc  in  the  latter  case  be  much  greater 
than  in  the  former  case,  and  therefore  the  e.m.f.,  which  in  ordinary 
conductors  falls  proportional  to  the  resistance,  does  not  fall  pro- 
portional to  the  length  of  the  arc.  Again,  any  alteration  in  the 
length  of  the  arc  does  not  give  rise  to  a  corresponding  change  in 
the  strength  of  the  current. 

The  cause  of  a  back  e.m.f.  is  expbined  by  some  as  being  due 
to  the  carbon  vapour  formed  in  the  crater  condensing  again  on 
the  negative  carbon,  there  giving  back  the  latent  energy  of  vaporisa- 
tion,  and  so  creating  the  back  e.m.f.  The  question  of  the  back 
e.m.f.  in  the  arc,  however,  has  long  been  and  still  is  an  unsolved 
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problem,  the  balance  of  evidence  being  for  its  existence;  but 
whether  it  be  so  or  not  does  not  affect  the  working  or  efficiency 
of  the  lamp  other  than  limiting  the  working  potential  difference, 
though  if  the  source  and  nature  of  the  back  e.m.f.  were  proved, 
it  might  lead  to  some  important  results. 

The  positive  carbon  is  often  made  with  a  core  of  softer  carbon 
having  a  lower  specific  resistance.  This  not  only  lowers  the 
resistance  of  the  lamp,  but  assists  in  the  formation  of  a  good 
crater,  and  so  ensures  steadier  and  better  burning. 

The  light  given  by  an  arc  lamp  emanating  from  so  small  an 
area  gives  rise  to  veiy  dense  shadows  which  are  often  objectionable. 
The  opalescent  globe,  if  large  in  diameter,  overcomes  this  to  a 
certain  extent,  for  the  light  then  emanates  from  a  body  of  much 
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larger  area,  and  the  shadow  cast  by  one  portion  of  the  globe  is 
therefore  illuminated  by  the  light  from  other  porlioiis.  But  as  has 
been  pointed  out,  these  opalescent  globes  absorb  a  large  propor- 
tion of  the  light,  as  much  as  30  per  cent.,  where  good  difTusion 
is  required.  This  will  readily  be  believed  when  the  illumination 
through  a  hole  accidentally  made  in  the  glolie  be  compared  with 
a  similar  area  with  the  globe  intervening. 

With  alternating  currents  both  carbons  burn  at  the  same  rate, 
and  both  become  pointed.  We  therefore  lose  the  great  illumi- 
nating projierty  of  the  crater  in  the  direct  current  arc,  ■  Further- 
more, the  light  given  by  the  alternating  current  arc  is  thrown 
upwards  as  much  as  downwards,  and  therefore  unless  a  reflector 
be  employed,  a  large  amount  of  the  light  is  losL 

The  carbons  for  these  are  always  of  the  same  diameter,  and 
practically  the  same  length,  except  in  the  enclosed,  where  the 
upper  carbon  is  often  twice  the  length  of  the  lower  one.  In  this 
case,  when  the  lower  carbon  has  burnt  out,  the  upper  one  has 
only  half  burnt  out,  and  can  therefore  be  used  for  the  lower  carbon, 
and  a  new  one  of  twice  its  length  put  in  its  place.  In  this  way 
only  one  size  of  carbon  is  required. 

All  the  iron  parts  in  the  lamp  mechanism  when  used  on 
alternating  current  circuits  must  be  made  of  laminated  or  sub- 
divided iron,  the  laminations  being  along  the  direction  of  the  lines 
of  force  passing  through  the  iron,  not  at  right  angles  to  them,  so  as 
to  prevent  eddy  currents  being  induced  in  the  iron  cores  and 
pole  pieces  (see  Chapter  XV.,  page  259).  The  coils  must  also  be 
wound  appropriately,  for  we  must  make  allowance  for  what  is 
called  the  inductance  of  the  circuit  as  well  as  the  resistance  when 
using  alternating  currents,  and  we  therefore  do  not  get  the  same 
magnetic  effect  with  a  given  number  of  ampere  turns  when  using 
an  alternating  current  as  when  a  direct  current  is  used.  The  e.m.f. 
on  the  ends  of  the  coil  urging  the  current  through  it  is  now  not 
equal  to  cxb,  but  is  equal  to  E=cx  ^/r' -1- (zb-wl)*^  where  r  is 
the  resistance  of  the  circuit  and  (2jr«L)  is  the  inductance  of  the 
coil,  «  being  the  number  of  alternations  made  by  the  current  in 
one  second,  and  l  the  coefficient  of  self-induction  of  the  coil, 
which  is  equal  to 

total  interlinkings  of  lines  and  turns  created  by  absolute  unit  current 
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and  is  usually  a  small  fraction.  A  much  smaller  density  must  also 
be  employed  in  alternating  magnetic  fields,  and  therefore  larger 
cores  used  (see  Chapter  VI.,  page  90). 

This  will  probahly  be  uninteUigible  to  Ihe  student  at  the 
present  stage,  but  the  consideration  of  all  such  problems  must  be 
left  for  a  subsequent  chapter.  It  will,  however,  serve  to  show 
that  with  alternating  currents  the  considerations  in  the  d^ign  of 
the  various  pieces  of  apparatus  are  often  very  different  from  those 
employed  in  direct  current  work,  and  this  alteration  in  the  design 


I.  Lower  Carbon,  ij  in.  long.       II.  Lovn 
III.  Lower  Carbon,  4}  in 


long. 


is  necessary  with  an  arc  lamp.  Therefore  an  arc  lamp  will  not 
serve  equally  well  for  both  alternating  and  direct  current  circuits, 
but  is  made  for  one  or  the  other. 

The  light  given  by  an  alternating  arc  lamp,  even  when  a 
reflector  is  used,  is  inferior  to  that  given  by  a  direct  current  arc 
using  the  same  power.  Professor  Elihu  Thomson  gives  the 
eflSciency  of  naked  alternating  current  arc  lamps  as  follows  ; — 

Alternating  current  arc  without  reflector  =  i.r 2  watls  per  c.p. 

Alternating  current  arc  with  reflector      =    .8  watt  per  c.p. 
against  the  .5  watt  per  candle-power  for  the  direct  current  arc 
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The  alternating  arc  makes  a  humming  noise  when  working, 
due  among  other  things  to  molecular  vibration  in  the  iron  cores 
and  the  heated  vapour  in  the  arc.  This  ts  very  marked  in  a  large 
size  lamp  carrying  a  large  current.  The  pitch  of  the  humming 
depends  on  the  frequency  of  alternation,  and  this  averages  from 
50  to  100  in  England,  with  a  tendency  to  decrease  rather  than 
increase. 

The  results  of  a  series  of  tests  made  on  enclosed  arc  lamps  by 
the  National  Electric  Light  Association  Committee  of  America  arc 
shown  in  the  curves,  Figs.  113  to  117.     The  first,  Fig.  113,  shows 


Fig.  114. 

I.  Opal  Inner,  no  Outer.      11,  Opal  Inner,  Clear  Outer. 

III.  Opal  Inner,  Opal  Outer.     Direct  Current. 

the  influence  of  change  in  position  of  the  arc  inside  the  opalescent 
globe,  from  which  it  appears  that  most  light  is  obtained  with  the 
arc  at  the  mid-point  in  the  globe. 

In  Fig.  114  the  effect  of  the  clear  outer  globe  is  distinctly 
seen.  It  absorbs  a  certain  amount  of  light,  and  gives  a  little 
better  diffusion,  while  the  opalescent  outer  absorbs  a  large  pro- 
portion of  light,  but  gives  a  diffusion  practically  constant  over  a 
very  large  area. 

The  wavy  outline  of  all  the  curves  where  opalescent  globes  are 
employed  is  due  to  the  variations  in  the  glass  itself,  for  they  vary 
lai^ely  at  different  parts  both  in  thickness  and  translucency. 
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I.  Clear  Ouler,  Opal  Inner,       II.  Clear  Oaler,  after  106  hoars. 
Ill,  Opal  Outer,  Opal  Inner.      Direct  Current. 


Fig.  116. 

1.  Oear  Oulet,  Opal  Inner.      II.  Opal  Outer,  Opal  Inner. 

III.  Ckar  Outer,  Opal  Inner,  coaled  alter  70  hours. 

Altemaling  Current. 

Fig.  115  shows  the  absorption  of  light  in  a  continuous  current 
enclosed  lamp  af^er  106  hours  burning,  which  amounts  to  16.6 
per  cent.,  while  Fig.  116  shows  the  light  obtained  from  an  alter- 
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lUting  current  lamp  after  70  hours  burning,  which  in  this  case 
has  increased.  This  is  due  to  the  arc  burning  to  the  centre  of 
the  globe  after  70  hours,  thereby  giving  a  greater  percentage 
light  than  that  absorbed  by  the  ash  formed  in  the  same  period, 
and  therefore  probably  the  same  effect  vould  be  obtained  with  the 
direct  current  lamp  in  the  same  time. 


Fig.  117. 
I.  Clear  Outer,  Opal  Inner.       11.  Clear  Outer,  with  Shade. 
IIL  Opal  Outer,  Opal  Inner,  no  Shade.    Alienating  CuirenL 

The  effect  of  a  shade  on  the  alternating  current  lamp  is  clearly 
shown  in  Fig.  117,  and  for  outdoor  illumination  the  efficiency  of 
the  alternating  current  lamp  is  greatly  improved  by  the  use  of  a 
shade  or  reflector.  The  shape  of  the  shade  is  here  shown  dotted, 
its  curvature  being  well  chosen  for  the  purpose.  The  lower  edge 
of  the  shade  normally  stands  about  \  in.  above  the  arc  when  the 
arc  is  in  its  lowest  position. 

In  these  curves  the  light  is  given  in  "  Hefner  "  units.  To  con- 
vert these  to  English  candle-powerwemust  multiply  them  by  .875. 

There  is  a  possibility  of  an  explosion  in  an  enclosed  lamp  if  it 
be  switched  on  and  off  at  short  intervals,  for  air  diffuses  in,  and 
carbon  monoxide  and  oxygen  in  certain  proportions  form  an 
explosive  mixture.  In  ordinary  working,  however,  this  is  a  rare 
occurrence- 
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CHAPTER  XIV. 

INCANDESCENT  LAMPS— MANUFACTURE  AND 
INSTALLATION—PHOTOMETRY. 

For  indoor  illumination,  especially  small  rooms,  the  arc  lamp  is 
altogether  unsuitable.  In  such  cases  we  want  a  more  distributed 
light,  and  this  is  afforded  by  incandescent  electric  lamps.  To 
the  uninstnicted,  these  seem  remarkably  simple,  consisting  of,  as 
they  say,  a  carbon  wire  enclosed  in  a  glass  bulb.  But  to  get  the 
right  carbon  thread,  and  one  that  will  last  a  fair  time  in  use,  and 
not  absorb  more  than  a  certain  amount  of  power,  demands  careful 
attention  to  a  great  many  details,  as  we  shall  see  as  we  proceed. 

The  first  lamp  of  this  type  was  constructed  by  Chief-Justice 
Grove,  who  supported  a  platinum  wire  inside  a  glass  vessel,  and 
connected  it  to  a  number  of  primary  (Grove's)  cells  till  it  was 
raised  to  a  white  heat  This  form,  however,  could  not  be  made 
into  a  commercial  lamp,  for  not  only  was  it  dear  {platinum  being 
very  expensive),  but  if  raised  slightly  higher  in  temperature  the 
platinum  would  melt,  and  it  was  not  till  Mr  Swan  proposed  car- 
bon in  a  vacuum  that  the  incandescent  lamp  became  a  success. 
Space  will  not  permit  of  a  history  of  the  lamp  down  to  the  present 
day,  and  we  must  therefore  leave  it,  and  consider  the  process  as 
employed  at  the  present  time  by  the  leading  makers. 

To  begin  with,  cotton  wool  of  good  quality  is  placed  into 
banels  of  zinc  chloride  solution,  where  it  dissolves,  and  sufficient 
is  added  to  make  it  of  the  consistency  of  syrup.  In  this  state 
it  loses  all  its  fibrous  structure,  and  turns  a  light  brown  colour. 
Standing  near  one  of  these  barrels  is  a  tank  of  water  containing 
several  strong  glass  flasks,  which  are  kept  hot  by  passing  steam 
into  the  water  surrounding  them  in  the  tank.  Each  of  these 
flasks  is  provided  with  a  good  fitting  indiarubber  stopper  pierced 
with  two  holes  into  which  are  inserted  two  glass  tubes.  One  tube 
of  each  flask  is  connected  to  a  glass  tube  leading  to  the  cotton 
solution  in  the  barrel,  and  the  other  tube  of  each  flask  is  connected 
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to  another  glass  tube  in  connection  with  an  exhausting  pump, 
and  thus  the  air  is  slowly  drawn  from  the  fiasks  and  the  cotton 
solution  sucked  in.  This  is  to  free  the  solution  from  occluded 
air,  and  as  it  enters  the  flask  and  slowly  dribbles  in  a  fairly  large 
amount  of  air  is  drawn  from  it,  which  is  further  efTected  by  being 
expanded  by  the  heat  supplied  from  outside.  This  goes  on  till 
the  flasks  are  about  three  parts  full,  when  they  are  taken  away  and 
Others  put  in  their  place  (see  Fig.  1 18). 

A  flask  containing  the  cotton  solution  that  has  been  so  treated 
is  now  connected  to  a  glass  tube,  from  which  springs  a  number  of 
other  tubes  furnished  with  glass  nozzles  of  diflerent  sizes,  each 
standing  over  a  tall  glass  jar  containing  alcohol.  The  second 
tube  in  the  indiarubber  stopper  is  now  connected  to  a  force  pump 


which  applies  a  pressure  on  the  surface  of  the  solution  of  a  few 
pounds  per  square  inch,  and  forces  the  cotton  solution  through  the 
connecting  pipes  and  nozzles  as  fine  continuous  threads  into  the 
alcohol  (Fig.  1 19).  The  zinc  chloride  solution  Is  dissolved  out  in 
the  alcohol,  but  to  completely  free  it  right  to  the  centre  (which  is 
of  importance)  it  must  stand  in  alcohol  for  about  twenty-four  hours. 
After  a  small  amount  has  been  squirted  in  this  manner,  forming 
a  coil  at  the  bottom  of  the  tall  glass  jar  about  a  in,  deep,  another 
jar  is  put  in  its  place,  and  the  squirted  cotton  solution  is  allowed 
to  remain  in  the  jar  for  about  one  hour,  so  that  the  surface  may 
harden  a  little,  and  allow  of  taking  it  out  without  fear  of  injuring 
it,  which  is  done  by  drawing  it  up  with  hooked  glass  rods.  Each 
coil  is  then  placed  in  a  small  stoneware  dish  pierced  with  holes 
all  round  to  facilitate  diffusion,  and  these  are  stacked  up  in  a 
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stoneware  vessel,  large  enough  to  hold  about  fifty  of  the  smaller 
pierced  dishes.  Alcohol  is  then  poured  in  to  fill  the  whole,  and 
they  are  left  so  for  about  twenty-four  hours.  Because  of  the  free 
use  of  alcohol  in  this  process,  the  room  in  which  it  is  done  must 
be  perfectly  fireproof,  and  no  lights  other  than  electric  are  allowed 
in  it. 

After  getting  rid  of  all  traces  of  zinc  chloride  by  the  above 
method,  the  squirted  cotton  threads  have  next  to  be  perfectly 
freed  from  alcohol,  and  for  this  purpose  the  alcohol  is  drawn  off, 
and  the  large  stoneware  vessel  containing  them  is  next  placed  in  a 


A 


C 


/T\ 


Fig.  119. 

sink,  and  water  allowed  to  run  freely  through  it  for  about  seven  or 
eight  hours,  and  we  then  have  sruall  coils  of  cotton  thread,  but  per- 
fectly homogeneous  and  structureless,  resembling  threads  of  ^ss 
ratlier  than  cotton.  These  are  expanded  very  considerably,  and 
in  drying  they  contract  and  shrink,  and  some  device  has  to  be 
adopted  to  prevent  them  from  breaking  up  in  drying.  One 
method  is  to  wind  them  loosely  on  drums  which  have  previously 
been  covered  with  thick  velvet  This  allows  of  the  threads  sinking 
into  the  velvet  as  they  dry  and  contract 

The  next  process  is  to  wind  these  threads  on  to  formers,  so 
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as  to  give  them  the  required  shape,  the  most  common  shape 
being  the  single  loop.  The  former  is  made  entirely  of  carbon, 
and  consists  of  a  carbon  block  with  a  step  at  one  end,  which  is 
grooved  on  its  upper  surface  to  better  support  the  thick  carbon 
rod  round  which  the  cotton  threads  are  wound.  Fig.  120  shows 
the  former  and  the  method  of  supporting  it,  in  a  small  brass  frame 
with  thumb  screw,  the  whole  being  free  to  turn  in  the  small  head- 
Stock  fixed  to  the  bench.  A  number  of  threads  (ten  to  twenty) 
are  first  fixed  to  the  lower  edge  of  the  carbon  block  with  sealing 
wax;  they  are  then  wrapped  once  round  the  carbon  rod,  and 
brought  down  to  the  lower  edge  of  the  carbon  block  on  the  other 
side,  where  they  are  fastened  with  sealing  wax  in  the  same  way. 


Fig.  izo. 

Another  set  is  fixed  in  a  similar  manner  by  the  side  of  the  first, 
and  so  on  till  the  former  is  full.  A  small  block  of  carbon  is  then 
slipped  between  the  extreme  end  of  the  carbon  rod  and  block  to 
hold  them  in  position,  and  the  wound  former  can  then  be  taken 
from  the  brass  clamp  and  another  put  in  its  place.  The  formers 
are  now  wrapped  round  with  coiton  at  a  point  just  above  where 
they  are  fixed  with  sealing  wax,  and  the  ends  then  cut  through 
with  a  knife  to  release  them.  This  allows  freedom  for  a  further 
contraction  during  the  process  of  carbonising. 

A  lai^e  number  of  these  formers  wilh  their  cotton  threads  are 
now  carefully  packed  edgeways  into  carbon  crucibles ;  a  thick 
layer  of  plumbago  is  placed  in  first,  and  then  a  number  of  formers, 
with  spaces  between  each.     Powdered  plumbago  is  now  put  in  to 
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fill  alt  the  spaces,  and  completely  cover  ihem  for  a  depth  of  about 
I  in.  A  second  number  of  formers  are  then  arranged  above  the 
first,  and  these  are  packed  with  plumbago  in  the  same  way  as  the 
first,  and  this  proceeds  till  the  crucible  is  full.  It  is  now  covered 
with  a  carbon  lid,  first  pouring  in  a  small  quantity  of  petroleum, 
this  last  precaution  being  necessary  to  drive  out  all  the  occluded 
air  from  the  crucible  (as  it  gets  hot),  and  so  prevent  the  filaments 
from  being  burnt.  When  a  sufficient  number  of  crucibles  are 
filled  in  this  way,  they  are  placed  into  a  furnace,  and  the  tem- 
perature slowly  raised  to  a  high  degree  (about  1,000*  F.),  after 
which  they  are  allowed  to  slowly  cool  down,  the  whole  operation 
occupying  close  on  twenty-four  hours.  When  cold,  they  are 
opened  and  carefully  unpacked,  the  formers  being  taken  out  one 
by  one,  and  the  filaments  put  into  separate  compartments  in 
boxes  ready  for  assortment.     The  filaments  have  now  entirely 


Figa.  131  and  122.  Fig.  laj 

changed  in  appearance ;  they  are  much  thinner,  and  have  a  shining 
black  metallic  appearance,  and  a  fair  amount  of  elasticity.  Any 
that  have  not  this  appearance  have  been  burnt,  and  must  be 
rejected. 

The  filaments  are  next  gauged  in  two  places  by  a  screw  gauge 
provided  with  a  long  pointer  over  a  scale  which  enables  the 
diameter  to  be  read  to  i\^  mm.  with  ease,  and  they  are  put  into 
separate  boxes  according  to  their  thickness,  and  stocked.  When 
a  particular  batch  of  lamps  is  required,  the  proper  thickness  for 
the  filaments  is  determined  from  a  consideration  of  the  candle- 
power  and  efficiency  required,  and  these  are  taken  from  the  stock 
and  cut  to  the  required  lengih,  a  gauge  being  set  to  facilitate  the 
work.  The  ends  of  the  filaments  have  now  to  be  attached  to 
platinum  wires,  and  a  good  mechanical  and  electrical  joint  is 
absolutely  necessary. 


DiCooc^lc 


»3* 


ELECTRICAL  ENGINEERING. 


The  platinum  wire  is  cut  up  into  pieces  about  i  in.  in  length, 
and  the  end  of  each  piece  is  flattened  for  about  \  in.  by  passing 
them  singly  under  steel  rolls  which  are  set  to  move  the  required 
distance  but  no  more  (Fig.  i3i).  These  are  next  threaded 
through  a  die  vhich  turns  up  the  flattened  end,  forming  it  into 
a  tube  (Fig,  ii»).  One  of  these  is  threaded  on  to  each  end  of 
the  carbon  filament,  and  held  there  by  squeezing  it  vith  pliers 
(Fig.  123).  But  the  joints  so  made  are  not  nearly  good  enough, 
and  they  have  to  be  cemented  It^ether.  This  is  now  usually 
done  electrically. 


T\%.  125. 


The  apparatus  (Fig.  1 24)  consists  of  a  small  cast-iron  box  vith 
a  close-fitting  lid,  pierced  with  a  hole,  which  is  only  provided  to 
smother  out  the  flames  should  the  contents  of  the  box  catch  fire. 
Over  the  box  a  special  clamp  is  supported  by  a  lever  vhich 
enables  it  to  be  raised  or  lowered.  The  clamp  consists  of  two 
pieces  of  metal,  side  by  side,  insulated  from  each  other,  each  pro- 
vided  with  a  spring  clip  which  holds  the  platinum  wire  attached 
to  the  filament  (Fig.  rzs).  A  strip  of  metal  is  free  to  swing  in 
front  of  this,  and  when  a  filament  is  placed  in  the  clamp,  hanging 
downwards,  supported  by  the  platinum  wires  in  the  clips,  the  strip 
of  metal  can  be  brought  into  contact  with  the  carbon  just  below 
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the  junction  with  the  platinum.  If  now  a  current  be  led  in  by 
one  clip  and  out  by  the  other,  the  filament  ivill  be  short  circuited, 
for  the  current  completes  its  circuit  from  one  joint  to  the  other 
across  the  metal  strip.  This  clamp  is  built  up  on  a  slate  base,  and 
everything  in  the  room  is  made  of  fireproof  material.  A  large 
number  of  these  boxes  so  provided  are  attached  by  iron  pipes  to 
a  large  cistern  fixed  on  brackets  to  the  wall  outside  the  building, 
and  the  cistern  is  kept  constantly  supplied  with  benzene.  This 
ensures  that  the  small  cast-iron  boxes  shall  be  always  full  up  to  a 
prearranged  mark. 

The  process  consists  of  first  arranging  the  filament  in  its 
clamp,  as  shown  in  Fig.  124,  then  (af^er  placii^  the  short  cir- 
cuiting strip  of  meUl  in  position)  lowering  it  into  the  liquid  till 
the  joints  are  well  covered  by  it  A  current  of  electricity  is  now 
switched  on,  which  (by  means  of  a  regulating  resistance  at  the  side 
of  the  operator)  is  adjusted  in  strength  till  the  joints  are  seen  to  be 
glowing  under  the  liquid.  The  reason  for  them  glowing  is  due  to 
the  heat  developed  in  overcoming  the  resistance  of  this  part  of  the 
circuit  Now  benzene  is  a  substance  very  rich  in  carbon,  and  it 
is  easily  decomposed  at  this  high  temperature,  the  carbon  being 
deposited  at  the  point  where  it  is  decomposed,  consequently  in 
a  few  seconds  after  it  starts  to  glow,  the  current  is  switched  off,  the 
clamp  raised,  and  we  find  the  joints  beautifully  united  with  a 
cement  of  carbon. 

The  benzene  cannot  catch  fire  while  the  joint  is  kept  well 
under  the  surface,  for  there  is  no  air  or  oxygen  in  contact  with  it, 
which  would  be  necessary  if  the  benzene  is  to  burn,  but  should  the 
operator  bring  the  joint  to  the  surface  before  switching  off  the 
current  the  benzene  would  undoubtedly  catch  fire.  To  prevent 
this,  which  might  prove  a  disastrous  accident,  the  circuit  is  broken 
by  the  clamp  lever  in  raising  it,  and  this  is  independent  of  the 
regulating  resistance  switch  for  the  operator's  use. 

Xf  the  carbons  are  examined  at  this  stage  under  a  microscope 
they  will  be  found  to  be  quite  porous,  with  relatively  large  gaps  in 
places.  This  would  cause  the  filament  to  glow  much  brighter  at 
the  points  where  tiie  section  is  smallest,  and  it  would  break  in 
a  very  short  lime  if  left  in  this  condition,  for  the  strength  of  the 
filament  is  given  by  the  strength  of  its  weakest  part.  These  holes 
are  caused  in  the  process  of  carbonising,  for  during  that  process  a 
large  amount  of  hydrogen  and  other  gases  were  driven  off,  leaving 
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only  carbon  behind.  To  make  the  filaments  serviceable,  these 
pores  or  holes  must  be  filled  up  with  carbon,  so  as  to  give  a 
perfectly  unifonn  sectional  area  throughout  This  is  done  by  the 
process  known  as  flashing. 

The  apparatus  for  flashing  is  shown  di^jrammatically  in  Fig. 
126,  and  consists  of  a  large  indtarubber  pad  on  top  of  which  are 
fixed  two  clamps  similar  to  those  used  for  cementing  the  joints,  so 
that  the  filament  may  be  supported  by  the  platinum  wires  in  an 
upright  position,  and  these  are  connected  to  the  mains  through  a 
regulating  resistance  switch.    A  tube  passes  air-tight  through  the 


Fig.  126, 


rubber  pad,  and  is  connected  to  a  three-way  cock  on  the  bench. 
There  is  also  a  pressure  gauge  connected  by  a  small  tube  through 
the  pad,  and  a  bdl  jar  is  arranged  so  as  to  be  readily  drawn  down 
on  to  the  indiarubber,  and  so  enclose  the  filament  and  tubes.  One 
of  the  cocks  connects  the  tube  attached  to  it  to  an  exhausting 
pump,  which  very  quickly  removes  most  of  the  air  from  the  space 
inside  the  bell  jar.  The  second  cock  connects  the  space  to  a 
much  better  vacuum  pump  which  slowly  brings  down  the  pressure 
inside  to  a  small  \-alue,  as  read  on  the  pressure  gauge.  The 
third  cock  connects  the  space  to  an  air-tight  vessel  containing 
benzene,  and  owing  to  the  low  pressure  inside  the  bell  jar  it 
immediately  fills  with  benzene  vapour,  A  current  is  now  switched 
on  to  the  filament  till  it  glows,  at  first  showing  bright  spots. 
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These  parts  being  at  a  much  higher  temperature,  decompose  the 
benzene  vapour  faster  than  the  remaining  portions,  and  so  carbon 
is  deposited  at  these  weak  parts  most  rapidly,  and  the  bright  spots 
soon  disappear.  The  current  is  then  increased,  and  so  carbon  is 
deposited  till  the  filament  is  perfectly  uniform  and  its  resistance 
brought  down  to  the  required  value,  which  is  known  by  putting 
down  a  double  contact  key  connecting  the  filament  to  a  Wheat- 


Fig.  128. 


stone  bridge  after  switching  off  the  current,  and  the  flashing  is 
repeated  till  a  balance  is  obtained  on  the  bridge,  as  seen  by  a  sensi- 
tive galvanometer  close  by.  The  filaments  being  all  alike  in  length, 
it  follows  that  they  are  also  alike  in  sectional  area  when  they 
have  the  same  resistance,  and  will  all  absorb  the  same  amount 
of  power  when  connected  to  the  same  difference  of  potential. 

The  filaments  have  now  to  be  sealed  in  glass  globes,  which 
are  blown  from  a  piece  of  glass  tubing  about  \  in.  in  diameter  and 
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\  in,  thick  in  the  wall,  after  which  a  tube  is  blown  on  the  end, 
about  y'^  in.  in  diameter  and  3  in.  long,  to  attach  the  bulb  to  the 
vacuum  pump.  The  junction  is  constricted  so  that  it  may  be 
easily  sealed  afier  exhausting,  as  shown  in  Fig.  iz8.  The  lai^ 
end  of  the  tube  is  now  sealed  up  near  the  bulb,  then  blown  out  and 
expanded  with  a  tool  to  admit  the  filament,  which  partly  springs 


Fig.  13a 


in.  The  platinum  ends  are  stuck  on  to  the  side  of  the  opening 
and  adjusted  in  position  so  as  to  put  no  strain  on  the  lilament, 
and  to  hold  it  symmetrically  in  the  bulb  (Fig.  1 29).    The  opening 

5  then  closed  by  squeezing  the  sides  together,  and  while  the  glass 
is  still  sod  the  corners  are  snipped  off.     Two  small  dents  are  made 

in  the  top  of  the  bulb  with  a  blunt  tool,  and  the  projecting 
platinum  wires  bent  round  and  again  sealed  in  the  glass,  as  shown 
in  Fig.  130. 
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While  this  operation  has  been  proceeding  a  porcelain  crucible 
has  been  standing  over  a  Bunsen  burner,  and  is  now  red  hot.  The 
bulb  with  the  filament  inserted  is  placed  into  the  crucible  and  left 
to  slowly  cool  by  swinging  it  from  over  the  flame  on  a  turntable, 
while  another  crucible  takes  its  place  to  be  ready  for  the  next  bulb. 
This  is  to  anneal  the  joints  between  the  glass  and  the  platinum. 
If  allowed  to  cool  quickly  the  glass  at  this  point  would  probably 
crack. 

The  bulbs  are  now  connected  to  the  vacuum  pump  by  blowing 
them  on  direct,  indiarubber  tube  connections  not  being  admissible, 
for  the  bulbs  are  heated  very  considerably  to  facilitate  the  ex- 
haustion.    About  six  lamps  are  con- 
nected at  a  time,  and  a  fine  wire  is 
twisted  round  one  of  the  platinum  wires 
of  each  lamp,  thus  connecting  them 
all  bother.     A  second  similar  wire 
connects  tt^ether  the  other  platinum 
wires,  and  the  lamps  are  thus  put  in 
parallel. 

The  pump  employed  for  this  work 
is  some  form  of  the  "Sprengel"  mer- 
curial pump,  the  action  of  which  will 
be  best  understood  by  considering  the 
simplest  form  (Fig.  131).  Here  a  long 
glass  tube  is  furnished  with  a  funnel- 
shaped  top,  and  a  second  tube  is  blown 
on  near  its  upper  end  to  which  the 
lamps  are  attached.  This  tube  is 
supported  in  a  vertical  position  directly 
over  a  receiver,  and  a  constant  supply 
of  mercury  is  kept  in  the  funnel.  The 
mercury  runs  down  the  small  tube,  but 
in  its  passage  encounters  the  air  con- 
tained in  the  lamps  and  tube  attached, 
and  drives  a  little  in  front  of  it.  This 
causes  a  partial  vacuum  behind  it,  and 
more  air  from  the  lamps  rushes  in, 
and  the  mercury  coming  behind  carries  this  in  front  of  it  down  the 
fall  tube,  as  it  is  called.  This  action  causes  the  mercury  to  divide 
up  into  little  globules  or  pistons  as  it  passes  the  junction  to  the 
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lamp  tube,  and  each  piston  of  mercury  carries  &  certain  quantity 
of  air  in  front  of  it  The  process  would  be  expedited  if  the 
lamps  vere  heated  and  the  air  they  contain  expanded,  also  if  we 
had  more  fall  tubes  connected  to  the  same  lamp  tube,  the  time 
taken  to  exhaust  the  lamps  would  be  practically  inversely  pro- 
portional to  the  number  of  fall  tubes.  The  mercuty  that  runs 
down  to  the  receiver  can  be  poured  back  into  the  funnel  at 
the  top  when  the  mercury  in  it  is  getting  low,  and  this  is  often 
done  automatically. 

When  the  lamps  are  blown  on  and  connected  up  in  parallel  as 
described,  they  are  first  connected  to  a  powerful  air-pump  which 
takes  a  very  large  proportion  of  the  air  from  them  with  a  few 
strokes  of  an  engine  installed  for  this  purpose.  They  are  now 
connected  on  to  the  mercury  pump  to  exhaust  them  to  a  much 
higher  degree.  A  sheet-iron  cover  is  then  lowered  over  them,  and 
a  large  Bunsen  burner  kept  burning  under  it  to  heat  the  bulbs 
and  expand  the  remaining  air.  As  the  exhaustion  proceeds,  the 
filaments  can  be  brought  to  a  dull  red  heat  without  injury,  and 
later  on  are  brought  to  incandes(  ence,  and  the  expansion  of  the 
residual  air  thereby  increased.  At  the  final  stages  they  are  often 
run  at  a  higher  voltage  than  the  normal,  and  the  filaments  are 
glowing  with  great  brilliancy.  While  this  is  proceeding  a  faint 
blue  flame  appears  at  the  junction  of  the  carbon  and  platinum 
which  slowly  disappears,  and  when  it  vanishes  the  exhaustion  is 
complete,  and  the  lamps  are  disconnected  from  the  electrical 
supply  singly,  and  taken  from  the  pump  by  blowing  off  the  small 
tube  near  the  bulb  with  a  small  blow-pipe  flame,  thus  sealing  the 
bulb  and  also  the  end  of  the  tube  from  which  it  has  been  taken,  and 
so  preventing  the  vacuum  in  the  remaining  lamps  being  destroyed. 

The  lamps  are  now  tested,  to  see  that  the  sealing  off  has  been 
effectually  accomplished,  by  placing  them  one  at  a  time  on  a  well- 
insulated  metal  dish  containing  brass  filings,  and  connected  to 
one  pole  of  a  small  transformer  which  raises  the  pressure  to  1,500 
or  z,ooo  volts.  The  operation  is  performed  in  a  dark  room,  and 
if  the  vacuum  is  good  no  effect  is  observed  in  the  lamp.  If,  how- 
ever, the  vacuum  is  imperfect,  the  bulb  glows  slightly  with  a  red 
or  blue  tint,  depending  on  the  nature  of  the  rarefied  gas  inside, 
and  these  must  be  returned  to  the  pump  and  be  exhausted  afresh. 
If  found  perfect  in  this  respect  they  are  next  tested  for  spots,  for 
a  filament  which  exhibits  bright  spots  at  the  moment  of  switching 
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on  will  not  last  long,  for  these  are  weak  spots.  They  are  often 
UDdiscemible  when  the  lamp  is  glowing  normally,  but  show  up  well 
at  the  moment  of  switching  on,  for  they  are  the  first  points  to 
become  incandescent  owing  to  their  increased  resistance.  The 
test  is  made  by  connecting  the  filament  to  a  potential  difference 
above  the  normal,  by  means  of  a  carbon  plate  and  carbon  block 
in  a  suitable  handle.  By  tapping  the  plate  with  the  carbon 
block,  the  spots,  if  they  exist,  are  very  marked.  If  they  are  free 
from  spots,  the  carbon  block  is  held  down  for  a  short  time  to  test 
the  filament  as  a  whole  on  the  higher  voltage  (Fig.  13a). 


^ 


Fig,  132. 


The  lamps  are  now  transferred  to  the  photometer  room,  and 
the  candle-power  and  efficiency  of  each  carefully  measured  by 
two  independent  operators  on  two  different  photometers,  a  record 
being  kept  of  each  (see  Photometry),  and  if  the  readings  obtained 
by  the  two  operators  agree  within  a  certain  limit  they  are  passed 
on  to  the  capping  department  Here  short  lengths  of  tinned  iron 
wire  are  soldered  to  the  ends  of  the  platinum  wires,  and  a  large 
number  are  then  arranged  in  racks,  with  the  wires  standing  verti- 
cally upwards.  A  brass  collar,  furnished  with  pins  for  the  bayonet 
joint,  or  a  coarse  screw  for  the  "  Edison "  type,  is  slipped  over 
each,  and  thin  plaster-of-paris  poured  in  to  fill  the  caps  ( Fig.  1 33), 
When  the  plaster  begins  to  set,  a  brass  contact  stud  with  inwardly 


i^iCooc^lc 


24©  ELECTRICAL  ENGINEERING, 

projecting  teeth  and  a  small  hole  in  the  centre  is  threaded  over 
each  wire,  and  pressed  into  the  plaster-oT-paris  till  they  are  flush 
with  the  top  of  the  cap.  Care  must  be  taken  that  the  two  conucts 
do  not  touch  each  other  or  the  cap,  and  also  that  the  relative 
position  of  contacts  and  pins  is  correct,  the  pins  in  the  cap  being 
in  line  with  the  s]>ace  between  the  contacts  (Fig.  134). 

After  the  plaster-of-paris  has  properly  set,  the  iron  wires  are 
bent  back  on  the  contacts  and  soldered,  the  ends  being  snipped 
off  close.  The  capping  is  now  tested  by  connecting  wires  from 
the  mains  through  a  second  lamp  to  either  contact  and  the  cap. 
If  there  be  a  connection  between  them  this  lamp  will  light  up. 


Next  by  connecting  the  wires  to  the  two  caps.  If  they  are  short 
circuittngthefilament,  the  lamp  will  again  light  up;  but  if  not,  both 
the  lamp  being  tested  and  the  second  lamp  will  be  put  in  series, 
and  both  will  glow  dull  red  (Fig.  135). 

The  lamps  are  now  packed  into  baskets,  which  are  divided 
into  compartments  to  hold  about  fifty  lamps  each,  and  these  are 
stacked  up  in  a  room  kept  at  a  temperature  of  about  90*  F.,  while  a 
current  of  air  is  kept  circulating  through  them  by  means  of  a  fan. 
They  are  left  here  for  four  or  five  days,  so  that  the  plaster  may 
thoroughly  harden,  and  they  are  then  tested  once  more  to  see  that 
the  caps  have  remained  straight  while  the  plaster  has  been  drying 
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This  is  done  by  inserting  them  first  into  one  lamp-holder  and 
then  into  another  fixed  at  right  angles  to  the  former,  and 
they  must  stand  approximately  upright  in  both  positions,  after 
which  they  are  cleaned  with  dry  cloths,  and  the  proper  marks 
put  on. 

The  marking  is  often  done  by  means  of  indiarubber  stamps 
and  hydrofluoric  acid,  which  has  the  property  of  eating  into 
glass,  and  must  therefore  be  kept  in  guttapercha  vessels.  The 
usual  marks  are  voltage,  candle-power,  efBciency,  and  maker's 
name. 

If  the  lamps  are  to  be  frosted  they  are  held  in  a  sand-blast. 
The  apparatus  consists  of  an  iron  enclosure  with  a  window  in 


front,  and  armholes.  Near  the  centre  is  stretched  a  sheet  of 
indiarubber,  and  another  sheet  b  stretched  a  liLtle  way  below  the 
roof  to  prevent  the  lamp  from  breaking  if  it  should  fly  out  of  the 
operator's  hands.  At  the  centre  of  the  lower  sheet,  a  small  nozzle 
projects,  through  which  is  forced  a  fine  stream  of  sharp  sand.  The 
lamp  is  held  in  this  and  turned  about  so  that  all  parts  of  it  are  acted 
upon.  The  sand  very  quickly  covers  it  with  fine  scratches  giving 
it  a  frosted  appearance.  If  a  pattern  is  required,  a  stencil  has  to 
be  put  over  the  lamp,  and  only  the  parts  of  the  glass  facing  the 
openings  in  the  stencil  are  then  acted  upon  by  the  sand. 

The  lamps  are  now  wrapped  up  in  special  wrappers,  each  of 
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which  is  stamped  with  the  voltage  and  candle-power  of  the  lamp 
enclosed,  and  they  are  then  packed  up  in  wood  boxes  ready  for 
de^>atch. 

These  lamps  will  last  for  a  certain  number  of  hours  in  use, 
depending  on  the  care  Uken  in  manufacture  and  on  the  efficiency. 
If  the  vacuum  be  at  all  imperfect,  it  shortens  the  life  of  the  lamp 
very  considerably.  If  the  filament  develops  spots,  it  must  neces- 
sarily break  at  the  weakest  point  in  a  short  time,  as  the  carbon 
tends  to  leave  the  filament  and  deposit  itself  on  the  glass,  and  the 
weak  spot  being  at  the  highest  temperature,  loses  most,  which 
makes  it  still  weaker,  and  a  time  comes  when  it  reaches  such  a 
high  temperature  that  it  volatilises  completely,  and  the  filament  is 
broken.  This  tendency  of  the  carbon  to  deposit  itself  on  the 
glass,  due  to  imperfect  vacuum.  Is  very  objectionable,  for  the 
blackening  of  the  bulb  due  to  it  cuts  off  a  certain  percentage  of 
the  light,  and  lowers  the  efficiency.  Again,  the  carbon  leavii^ 
the  filament  uniformly  (supposing  there  be  no  spots)  thins  it 
down,  making  it  of  higher  resistance.  It  therefore  takes  a 
smaller  current,  and  the  light  is  considerably  less,  the  efficiency 
being  less  on  this  account  also  because  of  working  at  a  lower 
temperature.  If  the  blackening  is  very  pronounced,  it  often  pays 
to  replace  the  lamp  by  a  new  one,  for  by  its  use  we  are  paying 
a  high  price  for  the  light  we  get  from  it.  Cheap  lamps  of  inferior 
quality  are  greatly  addicted  to  this  fault,  a  certain  amount  of 
blackening  being  noticeable  even  after  the  first  few  hours'  use. 
They  also  often  break  away  at  the  junction  between  the  platinum 
and  carbon,  for  unless  care  be  taken  in  sealing  the  filament  in, 
it  is  very  easy  to  put  a  slight  strain  on  it,  and  so  weaken  it 

At  the  high  temperature  to  which  the  filament  is  brought  when 
working,  a  certain  amount  of  tlie  carbon  is,  even  in  the  best,  slowly 
disintegrated,  and  in  course  of  time  the  weakest  spot  in  the  filament 
is  unduly  heated,  and  slowly  gets  weaker,  depending  on  the  tem- 
perature to  which  the  filament  is  raised.  This  weak  spot,  once  it 
manifests  itself,  develops  at  a  greater  and  greater  rate  till  it  finally 
breaks.  It  is  evident  that  the  life  of  any  given  lamp  depends 
upon  the  temperature  of  the  filament,  which  again  depends  on  its 
efficiency.  Lamps  can  be  made  to  have  almost  any  efficiency  we 
please.  Take  for  example  a  i6  cp.  loo  volt  lamp.  If  the  filament 
be  made  thinner  and  shorter  the  resistance  can  still  be  kept  the 
same,  for  though  we  increase  the  resistance  by  making  it  thinner. 
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we  decrease  it  by  making  it  shorter.  It  will  therefore  take  the 
same  amount  of  power  when  connected  to  the  same  difference  of 
potential,  but  this  amount  of  power  is  put  into  a  smaller  amount' 
of  material,  and  the  temperature  is  consequently  much  higher,  and 
the  light  obtained  much  greater  also.  But  at  this  higher  tempera- 
ture the  filament  will  be  more  quickly  destroyed,  and  therefore 
what  we  save  in  efficiency  we  spend  in  lamps,  consequently  we 
have  to  decide  whether  it  is  cheaper  to  have  high  efficiency  lamps 
and  more  of  them,  or  lower  efficiency  lamps  and  a  smaller  lamp 
bill.  This  can  only  be  decided  by  considering  the  price  of  the 
Board  of  Trade  unit,  and  the  price  paid  for  the  lamps.  Of  late 
years  the  last  mentioned  has  been  very  considerably  reduced 
oning  to  competition,  and  at  the  same  time  the  quality  of  the 
lamps  has  in  many  cases  been  well  maintained  even  at  the  re- 
duced price.  This  enables  us  to  use  higher  efficiency  lamps  than 
formerly,  and  the  common  efficiency  employed  in  towns  and  places 
where  the  power  is  rather  costly  is  from  3  to  4  watts  per  candle- 
power.  In  places  where  the  cost  of  power  is  very  low,  it  pays 
best  to  use  lamps  of  a  lower  efficiency,  and  so  save  on  the  lamp 
bill  more  than  is  spent  on  the  extra  power  required. 

The  following  table  gives  particulars  of  tests  made  with  two 
16  c.p.  100  volt  lamps,  taking  the  mean  value  for  the  two.  These 
were  run  at  100  volts  continuously,  and  current  and  candle-power 
measured  at  intervals. 
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From  these  tests  we  notice  that  the  light  given  increases  slightly 
in  the  first  few  hours,  but  soon  begins  to  fall  off  at  a  rapid  rate, 
till  after  r,6oo  run  it  has  reached  a  point  where  it  pays  to  replace 
the  lamp  by  a  new  one. 


i^iCooc^lc 


244  ELECTRICAL  ENGINEERING. 

The  following  table  is  taken  from  a  series  of  tests  made  from 
samples  of  loo  volt  i6  cp.  lamps,  ofdifTerent  makes,  to  test  the 
life  with  varying  voltage : — 
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Several  attempts  have  been  made  to  use  incandescent  lamps 
of  low  voltage  in  series,  but  with  very  little  success.  The  method 
now  adopted  almost  exclusively  is  to  connect  them  in  parallel  at 
a  constant  difference  of  potential,  A  pair  of  mains  are  taken  from 
the  basement,  where  the  meter  is  usually  fixed,  to  a  distributing 
board,  these  mains  being  large  enough  to  cany  the  current  for  the 
whole  number  of  lamps  to  be  installed,  due  allowance  being  made 
for  a  subsequent  small  addition.  The  distributing  board  is  made 
of  slate  or  porcelain,  and  contains  two  brass  bars,  or  better  still, 
two  separate  boards  with  a  single  bar  on  each,  to  which  the  mains 
are  connected.  From  these  bars  a  number  of  pairs  of  mains  are 
run  to  the  different  floors,  each  pair  being  provided  with  a  switch 
and  fuse.  The  size  of  the  mains  depends  on  the  size  and  number 
of  lamps  required  for  each  floor.  A  similar  but  smaller  distributing 
board  is  usually  fixed  on  each  floor,  and  the  corresponding  pair  of 
mains  from  the  distributing  board  in  the  basement  are  connected 
to  the  brass  bars  or  omnibus  bars  as  they  are  called.  From  these 
radiate  a  number  of  smaller  mains  provided  with  switches  and 
fuses  on  the  distribution  board,  to  which  are  connected  certain 
groups  of  lamps  on  that  floor  (see  Fig.  136).  In  this  way,  if 
anything  goes  wrong  with  one  circuit,  only  that  part  need  be  in- 
terrupted in  the  supply,  and  hy  disconnecting  this  circuit  from  the 
distribution  board  the  fault  is  easily  located  and  repaired.  There 
is  also  a  minimum  of  joints  to  be  made,  and  joints  are  often  weak 
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points  in  the  installation.  The  sizes  of  wires  and  cables  are  in 
practice  usually  taken  from  a  wiring  table,  one  of  which  is  given 
below.  It  can,  however,  be  easily  calculated  when  we  fix  on  the 
maximum  allowable  voltage  drop  in  the  installation,  and  measure 
Up  the  distances  and  current  on  each  floor  thus : — 

Suppose  a  three-floor  installation — Current  on  first  floor,  50 
amperes ;  second  floor,  30  amperes ;  and  third  floor,  zo  amperes. 
Distance  from  meter  to  first  distribution  board  =  10  It.;  from  first 
to  second  distribution  board '^  30  ft ;  from  second  to  third  distri- 
bution board  =  3o  ft.;  and  from  third  distribution  board  to  furthest 
lamp  ^  50  ft.;  while  maximum  allowable  voltage  drop  between  any 
two  points  =  i.s  volts.  The  size  mains  all  through  can  now  be 
calculated  from  the  maximum  allowable  current  density  as  explained 
in  Chapter  III. 

The  longest  distance  run  in  the  building  =  lao  ft.  =40  yds. 

At  1,000 amperes  per  square  inch  the  voltage  fall=.o475X4o 
=  1.9  volts. 

Therefore  1.9  : 1.5  ::  1000  amps.  sq.  in.  :  x  amps,  per  sq.  in. 

Therefore — 

Current  density  allowable =-^5 =  785  amps,  persq.  in 

1.9 

The  mains  from  meter  to  first  board  carry  a  current  of  100 
amperes,  therefore  they  must  be  \%%  sq.  in.  in  section.  The  mains 
from  first  to  second  board  carry  a  current  of  50  amperes,  therefore 
they  must  be  yY?  ^1-  ^-  i"  section.  The  mains  from  the  flrst  to 
the  third  board  carry  so  amperes,  and  therefore  they  must  be 
tVt  ^'\-  ''I'  ''^  section.  The  siiie  of  the  conductors  on  each  floor 
is  found  in  the  same  way.  For  instance,  if  one  pair  runs  from  the 
board  to  a  group  of  ten  lamps  and  carries  a  current  of  5  amperes, 
then  these  must  be  yf^  sq.  in.  in  section,  and  so  on.  In  this  way 
the  current  density  is  kept  the  same  throughout  the  whole  installa- 
tion, and  at  that  current  density  we  get  no  more  than  the  allowable 
voltage  fall  on  the  given  length.  If  there  is  a  possibility  of  subse- 
quent additions  to  the  lighting,  larger  mains  should  be  put  in. 

If  we  had  taken  the  current  density  as  1,000  amperes  per  square 
inch,  the  voltage  drop  would  have  been  just  under  3  volts  on  the 
same  installation. 

The  following  table  has  been  made  up  allowing  1,000  amperes 
per  square  inch,  which  is  a  very  common  current  density  in  this 
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class  of  work.     This  gives  a  voltage  drop  or 
.0475  volt  per  yard  as  shown  in  Chapter  III. 


No-ofWl™ 

SI»of«ch 

S«U0(»lAraor 

ioSlniHl. 

Wl«,  S.W.G. 

Copp«,  .q.  in. 

,.„„,„aJ    ,. 

■DCho. 

I7S 

10 

001 

, 

IS 

ID 

0018 
0031 

3 
S 

191 
114 

iS 

OOSS 

9 

J37 

30 

0073 

262 

\l 

00S9 

IS 

318 

oizS 

iS 

17 

0174 

I 

16 

02*9 

417 

IS 

0290 

49 

Jg 

14 

0356 

59 

19 

17 

Q479 

79 

533 

"9 

16 

104 

S94 

19 

»5 

0789 

;^; 

654 

'9 

U 

■0975 

7>4 

Each  circuit  must  be  provided  with  a  fuse  which  will  melt  if 
the  cunrent  exceeds  a  certain  predetermined  \-alue.  This  is  found 
to  be  absolutely  necessary,  for  should  a  short  circuit  occur,  the 
current  would  immediately  rush  up  to  some  high  value  depending 
on  the  resistance  of  the  short  circuit,  and  the  heat  being  propor- 
tional to  the  square  of  the  current,  would  soon  melt  the  insulation 
on  the  cables  and  set  fire  to  the  building.  By  placing  a  fuse  in 
the  circuit  we  make  this  by  far  the  weakest  spot  in  the  circuit 
electrically,  and  therefore  this  piece  will  be  destroyed  long  before 
the  cables  would  have  time  to  get  appreciably  hot  or  even  warm. 
The  fuses  are  usually  made  of  tin  wire,  but  sometimes  lead  or  a 
mixture  of  tin  and  lead  is  employed,  and  again  thin  flat  strip  is 
sometimes  used  instead  of  wire,  but  the  largest  proportion  at  the 
present  time  are  made  of  tin  wire,  which  has  a  definite  and  low 
melting  point.  These  should  be  at  least  ij  in,  in  length,  other- 
wise the  terminals  will  conduct  the  heat  away  so  rapidly  that  the 
current  required  to  fuse  the  wire  may  be  much  greater  than  is 
intended.  The  fuses  must  be  mounted  on  fireproof  supports 
made  usually  of  glazed  porcelain,  and  one  can  be  placed  on  each 
conductor  or  a  single  fuse  on  one  conductor  only. 
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The  main  fuses  should  be  of  the  double  pole  type,  i.e.,  one 
on  each  main,  because  certain  faults  may  arise  allowing  of  a 
large  and  perhaps  destructive  current  flowing,  which  would  not 
be  safeguarded  by  a  single  pole  fuse.  Foe  instance,  suppose  there 
happen  to  be  an  earth  connection  on  the  supply  company's  side 
of  that  main  which  is  provided  with  a  fuse,  and  an  earth  connec- 


Fig.  136. 

tion  should  now  spring  up  on  the  other  main  in  the  consumer's 
premises,  a  large  current  would  flow  without  passing  through  the 
fuse  at  all,  which  may  prove  dangerous. 

On  a  low  resistance  short  circuit  the  fuse  usually  explodes,  for 
the  current  travels  through  the  body  of  the  wire  heating  all  parts 
alike,  but  the  outside,  being  in  contact  with  the  air,  is  always  the 
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coldest  part  Therefore  the  interior  portions  melt  and  volatilise 
while  the  outside  skin  is  still  solid,  lliis  elTect  is  often  increased 
by  the  outside  becoming  slightly  oxidised.  If  the  short  circuit 
be  a  high  resistance  one,  the  wire  will  only  slowly  heat  to  the 
melting  point,  and  will  then  break  through  the  weakest  point, 
similar  to  the  lamp  filament,  and  the  fuse  wire  remains  with  but 
a  short  gap  in  it  In  the  former  case  little  or  none  of  the  fuse 
wire  remains,  except  for  very  short  lengths  under  the  terminals. 
A  table  is  given  below  of  the  size  of  different  fuse  wires  which 
will  fuse  when  the  current  reaches  the  value  given.  Of  course 
any  smaller  fuse  wire  can  be  made  to  take  a  much  laiger  current 
by  putting  several  of  them  in  parallel.  Thus,  suppose  we  have 
5  ampere  fuse  wire,  then  by  putting  two  lengths  between  the  fuse 
terminals  it  will  go  at  lo  amperes,  three  lengths  at  15  amperes, 
and  so  on,  for  the  current  in  the  mains  will  divide  equally  between 
them  if  they  are  carefully  inserted,  so  that  all  are  making  good 
contact  with  the  terminals. 
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The  fuses  should  be  so  chosen  that  they  will  melt  when  the 
current  reaches  1.3  to  1.5  times  its  normal  value, 


The  efficiency  of  a  lamp  is  expressed  in  "  watts  per  candle- 
power,"  and  to  measure  the  efficiency  it  is  therefore  necessary  to 
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measure  the  candle-power  obtained  with  a  given  expenditure  of 
enei^  by  comparing  it  with  the  light  given  by  some  standard. 
Of  all  things  measured  in  science  that  of  luminosity  is  perhaps  the 
least  exact,  for  the  standards  employed  are  far  from  perfect.  In 
England  a  special  candle  is  used  as  the  standard  source  of  light, 
made  of  spermaceti,  which  burns  at  the  rate  of  i  zo  grains  per  hour 
with  a  flame  1.8  in.  high,  but  large  variations  are  found  to  exbt 
when  a  number  of  these  are  tested  one  against  another. 

In  Germany  a  lamp,  known  as  the  Hefner-Altenck,  is  largely 
used.  It  bums  amylacetate  with  a  circular  wick  of  prescribed 
cross-section,  and  a  flame  of  a  fixed  height=  1.6  in.  It  gives  a 
light  of  .875  English  standard  candle.  A  candle  is  also  used  in 
Germany  made  of  paraffin  wax,  .8  in.  in  diameter,  the  wick  con- 
sisting of  24  threads,  which  weigh  ro.2  grains  per  yard,  and  pro- 
duces a  flame  2  in.  high,  In  France  a  standard  known  as  the 
Carcel  burner  is  often  used,  which  bums  pure  colza  oil  at  the  rate 
of  42  grams  per  hour,  with  a  flame  4  cm.  high.  Taking  the  light 
given  by  the  English  standard  candle  as  1,  the  French  Carcel 
lamp  gives  9.5  candles.  As  a  substitute  for  the  standard  candle 
in  England,  a  lamp  has  been  tried  with  more  or  less  success, 
known  as  the  pentane  lamp.  Pentane  is  a  volatile  liquid,  having 
the  composition  CgHj,,  volatilising  at  35°  C.  The  wick  is  circular 
in  section,  and  is  moved  up  and  down  in  the  ordinary  way.  The 
lamp  bums  the  pentane  vapourinaslenderjet,  and  the  luminosity 
of  the  flame  increases  with  its  height.  The  burner  is  covered  by 
a  divided  tube,  the  distance  between  them  being  adjustable  by 
screws  at  the  side.  This  adjusts  the  length  of  the  flame  used  as 
standard,  distance  pieces  being  provided  to  faciliute  this.  Two 
slits  in  the  top  tube  are  used  as  index  for  adjusting  the  length 
of  the  flame. 

Another  standard,  commonly  employed  at  present  in  this 
country,  is  that  due  to  Mr  J.  Methven,  and  known  as  the  Methven 
screen.  In  this  a  London  standard  Argand  burner  is  supplied 
with  ordinary  coal  gas,  the  flame  being  adjusted  to  3  in.  in  height, 
as  seen  by  the  tip  of  the  flame  being  just  visible  above  two  hori- 
zontal pins  projecting  from  the  screen.  In  the  centre  of  the 
screen  a  slot  is  cut  out,  covered  by  a  small  silver  plate  with  a  slit 
\  in.  wide,  through  which  the  light  passes  to  the  photometer,  this 
light  beii^  equal  to  2  candle-power.  The  lamp  is  provided  with  a 
glass  chimney,  which  must  be  kept  perfectly  clean  and  allowed  to 
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reach  a  fixed  temperature  before  a  reading  is  taken  with  it  (three  or 
four  minutes  after  lighting  the  burner  being  usually  sufficient  time 
to  allow).  There  is  the  objection  that  the  quality  of  the  gas  varies, 
and  with  it  its  illuminating  properties,  but  from  a  long  series  of 
experiments  made  it  has  been  shown  that  the  light  passing  through 
the  slit  varies  with  the  length  of  the  flajne  very  much  more  than 
with  the  quality  of  the  gas,  and  for  all  practical  purposes  the  latter 
is  negligible  and  gives  rise  to  far  less  variation  than  is  found  to 
exist  between  different  standard  candles. 

Where  the  standard  candle  is  employed  it  is  usually  arranged 
to  have  two  supported  by  a  balance  arm  and  weighed  at  the 
beginning.  At  the  end  of  the  test  the  candles  arc  again  weighed, 
and  the  loss  in  weight  in  grains  multiplied  by  60,  and  the  result 
divided  by  the  time  in  minutes  taken  in  making  the  measurement 
should  =  ISO.  If  it  burns  too  fast  or  too  slow  a  correction  can  be 
applied  proportional  to  the  difference  found  in  any  given  case ; 
thus,  suppose  we  find  the  loss  in  weight '- 44  grains,  and  the 
candles  were  burning  during  the  experiment  for  10  minutes,  then 
each  candle  lost  2a  grains. 

Therefore  ^^ —  =  132  instead  of  120,  that  is  10  per  cent. 

too  great  a  rate  of  burning.  We  must  therefore  add  on  10  per  cent 
to  the  light  of  the  candles,  or,  instead  of  calling  the  standard  a 
candle-power,  we  must  take  it  as  a. 2  candle-power. 

The  method  of  determining  the  luminosity  of  any  source  of 
light  in  terms  of  the  standard  is  done  by  means  of  an  instrument 
known  as  the  photometer.  There  are  many  varieties,  but  the 
simplest  is  that  known  as  "  fiunsen's."  It  is  made  by  placing  a 
sheet  of  clean  white  absorbent  paper  (blotting  paper  will  do  very 
well)  on  the  centre  of  which  has  been  placed  a  very  small  piece 
of  perfectly  clean  paraffin  wax,  in  an  oven  or  in  some  warm  place 
where  the  wax  can  melt  without  the  paper  being  smoked.  When 
this  cools  we  have  a  white  sheet  of  paper  with  a  small  spot  of 
grease  in  the  centre.  Looking  at  it  with  the  light  shining  on  it, 
the  grease  spot  looks  blacker  than  the  paper,  but  looking  at  it 
with  the  light  shining  through  it  from  the  back  it  looks  decidedly 
brighter,  and  when  the  light  on  both  sides  of  it  is  equal  in  in- 
tensity, the  spot  of  grease  is  practically  invisible,  or  if  not  so,  :he 
two  sides  of  the  paper  look  exactly  alike. 

This  grease  spot  screen  is  arranged  in  a  suitable  support  on  a 
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scale,  so  placed  that  it  can  only  receive  light  on  the  one  side  from 
the  standard,  and  on  the  other  from  the  lamp  being  tested,  and 
the  screen  is  moved  till  the  grease  spot  is  invisible.  We  then 
know  that  the  light  from  the  lamp  on  the  screen  is  equal  in 
intensity  to  Che  light  on  it  from  the  standard  candles. 

Now  the  light  received  on  the  screen  from  a  given  source  of 
light  varies  as  the  square  of  the  distance  between  them.  This 
nil!  be  readily  understood  if  we  suppose  a  lamp  to  be  placed  in 
the  centre  of  a  globe  or  sphere.  All  the  light  from  the  lamp  is 
then  falling  on  the  inner  surface  of  the  sphere,  and  each  unit  of 
area  is  receiving  a  certain  amount  of  light.  If  now  we  replace 
the  sphere  by  another  of  twice  the  former  diameter,  it  is  evi- 
dent that  only  the  same  amount  of  light  is  now  falling  on  the 
inner  surface  of  the  second  sphere,  but  this  sphere  will  have  four 
times  the  amount  of  surface  compared  with  the  smaller  one,  for 
the  surface  of  a  sphere  is  proportional  to  the  square  of  the  radius. 
The  same  unit  of  area  can  therefore  only  have  one-fourth  the 
original  amount  of  light,  for  Che  same  amount  of  light  is  spread 
over  four  times  the  area.  The  distance  of  this  unit  of  area  is, 
however,  only  twice  the  original  distance  from  the  source  of 
light,  and  therefore  at  twice  the  distance  we  only  get  one-fourth 
the  amount  of  light. 

Knowing  that  the  illumination  on  the  screen  from  one  source  is 
equal  to  that  from  the  other,  and  that  the  light  falls  off  as  the  square 
of  the  distance,  all  we  have  to  do  is  to  determine  the  position  of 
equal  luminosity  on  the  screen,  and  measure  the  distances  from  it  to 
the  standard  and  to  the  lamp.  (The  distances  are  often  made  direct 
reading  on  the  scale.)  These  distances  are  now  to  be  squared,  and 
Light  of  lamp  :  light  of  standard  :: 
(dist  from  lamp  to  screen)' :  (dist.  from  standard  to  screen)'. 
Thus,  suppose  the  standard  — a  candle-power,  and  Che  disCance 
from  screen  to  standardise  cm.,  while  the  distance  from  the 
screen  to  the  lamp=  141.4  cm.,  then — 

Therefore  x=l^^^^  =  *-5££E=  ,6  cp. 

The  frame  supporting  the  screen  is  usually  provided  with  two 
mirrors,  one  on  either  side,  arranged  on  an  angle,  so  that  the 
observer  looking  straight  in  front  can  see  both  sides  of  Che  screen 
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at  the  same  time,  which  enables  a  better  adjustment  of  the  balance 
being  obtained 

The  whole  of  the  apartment  should  be  painted  dead  black,  so 
as  not  to  reflect  the  light,  and  screens  are  usually  provided  with 
holes  to  allow  only  the  light  in  the  horizontal  line  with  the  screen 
to  come  through,  otherwise  the  more  powerful  light  would  by 
diffusion  and  reflection  tend  to  illuminate  the  far  side  of  the 
screen,  and  cause  inaccurate  balance. 

When  balance  is  obtained  the  readings  of  the  photometer 
scale  and  the  power  absorbed  by  the  lamp  are  noted,  and  the 
lamp  is  then  numbered  to  identify  it  again.  It  will  be  evident 
that  a  scale  could  be  affixed  to  the  photometer,  which  with  a 
given  standard  would  read  in  candle-power  direct,  and  this  is 
often  done.  The  efficiency  is  then  obtained  by  dividing  the 
power  absorbed  by  the  candle-power,  which  gives  the  efficiency 
in  terms  of  "  watts  per  candle-power."  Thus,  if  the  lamp  takes  ,6 
ampere  at  loo  volts,  and  is  found  to  give  i6  catidle-power,  then, 

efficiency  = '    ^  ^°°  =  5.75  watts  per  cp.    These  lamps  usually 

give  different  values  when  viewed  from  different  positions,  there- 
fore they  should  be  measured  in  two  positions  at  right  angles,  or 
better  still,  the  lamp  should  be  measured  while  revolving  rapidly. 
A  great  variety  of  photometers  have  been  devised  from  time 
to  time.  But  "  Bunsen's  "  is  still  used  by  the  Board  of  Trade, 
and  in  many  places  in  this  country.  Within  the  last  few  years, 
however,  a  photometer  known  as  the  Lummer-Brodhun  has  come 
into  fairly  extended  use.  It  consists  of  a  brass  box  with  an 
aperture  through  one  end,  arranged  in  line  with  the  sources  of 
light.  An  opaque  screen  of  fine  white  porcelain  is  inserted  in  the 
centre  of  the  aperture,  and  its  surfaces  are  illumined  by  the  two 
sources  of  light.  Inside  the  box  is  an  arrangement  of  right-angled 
prisms  (see  Fig.  137)  which  enables  us  to  see  both  surfaces  of  the 
opaque  screen  at  the  same  time,  through  a  small  telescope  fixed 
to  one  side  of  the  box.  Directly  in  line  with  the  telescope  are 
two  right-angled  prisms,  the  base  of  one  having  been  etched 
except  for  a  small  spot  at  the  centre,  which  is  left  polished; 
the  other  is  treated  in  a  similar  way,  but  a  larger  spot  is  left 
polished  on  its  surface.  These  are  placed  with  their  bases  together 
so  as  to  form  a  cube.  The  observer  looking  through  the  tele- 
scope sees  straight  through  the  smaller  spot  in  the  centre  of  the 
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cube,  and  then  by  total  reflecticn  in  the  right-angled  prism  in 
line  with  the  line  of  sight  he  sees  the  far  surface  of  the  screen 
as  a  small  white  disc  magnified  by  the  telescope.  He  is  also 
able  to  see  the  other  surface  of  the  screen,  as  a  ring  round  the 
centre  disc,  for  the  half  cube  having  the  lai^cr  central  polished 
part,  acts  as  a  simple  total  reflecting  prism,  except  for  the  part 
at  the  centre  where  the  two  polished  surfaces  form  a  continuous 
transparent  path  through  the  two  prisms.  The  observer,  therefore, 
by  seeing  directly  through  the  cube  at  the  centre,  and  also  by 
total  reflection,  from  the  parts  of  the  half  cube  surrounding  the 


Fig-  137- 

clear  centre  part,  and  again  through  the  single  right-angled  prism 
on  his  near  side,  can  see  both  surfaces  of  the  screen,  a  portion 
of  one  forming  a  disc,  while  a  portion  of  the  other  forms  a  ring 
round  the  disc.  If  one  surface  be  brighter  than  the  other,  the 
ring  will  appear  either  br^hter  or  darker  than  the  disc,  but  when 
both  surfaces  are  equally  illuminated  there  is  no  outline  between 
the  ring  and  disc,  and  we  get  the  appearance  of  a  large  evenly 
illuminated  disc  in  the  telescope.  It  is  essential  that  the  two 
surfaces  of  the  screen  be  kept  perfectly  clean,  and  also  the  sur- 
faces of  the  prisms  should  be  free  from  dust. 

Wbeatstone,  the  inventor  of  the  automatic  telegraph  instru- 
ment, and  A.6.C.   instrument  bearing  his  name,   besides  the 
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Wheaistone  bridge  and  many  other  ingenious  and  most  useful 
inventions,  also  invented  a  photometer,  which  though  not  cm- 
ployed  much  to  the  author's  knowledge,  is  still  very  interesting. 
It  consists  of  a  small  disc  of  brass  blackened  on  the  surface,  and 
studded  with  a  bright  steel  ball,  which  is  made  to  rotate  with  an 
eccentric  motion  at  a  high  speed.  If  now  we  have  a  light  shining 
on  this  as  it  rotates,  we  see  a  wavy  bright  line  of  light  owing  to 
the  persistence  of  vision,  but  if  two  sources  of  light  shine  on  it  at 
the  same  time  we  see  two  wavy  bright  lines  intermixing,  and  one 
line  looks  thicker  and  brighter  than  the  other  when  the  illumina- 
tion of  the  two  sources  differs.  The  distinction  is  as  definite  as 
some  photometers  in  everyday  use,  and  if  mounted  on  a  rigid 
holder,  and  rotated  by  a  small  motor,  it  should  give  very  fair  results. 

In  determining  the  position  of  balance  for  the  screen,  it  often 
happens  that  two  different  operators  obtain  different  readings 
under  the  same  conditions,  depending  on  peculiarities  of  the  eye- 
sight It  is  to  avoid  this  personal  error  that  two  operators  are 
employed  to  measure  the  candle-power  of  each  lamp  as  mentioned 
in  the  consideration  of  incandescent  lamp  manufacture.  Another 
source  of  error  is  due  to  the  light  of  the  lamp  being  different  in 
colour  to  that  of  the  standard,  which  prevents  a  perfect  balance 
being  obtained  by  any  operator,  and  for  this  reason  a  number  of 
incandescent  lamps  are  often  measured  with  appropriate  care, 
and  these  are  then  substituted  for  the  candles.  These  secondary 
standards  are  checked  from  time  to  time  by  again  comparing  them 
with  the  standard  candles. 

The  light  given  by  an  arc  lamp  being  so  much  more  intense 
than  that  of  the  small  glow  lamp,  we  cannot  proceed  in  the  same 
manner,  for  we  should  be  working  with  the  screen  quite  close  to 
the  standard,  and  so  get  a  very  uncertain  balance,  which  may 
mean  very  lai^e  errors.  Again,  the  much  larger  diffused  light  from 
the  arc  lamp  than  from  the  standard  would  cause  further  errors, 
and  therefore  we  must  use  a  much  longer  photometer  with  a  much 
higher  value  for  the  standard,  or  make  some  arrangement  to  cut 
offa  known  fraction  of  the  light  from  the  arc  kmp. 

In  the  first  method  some  intermediate  lamp  is  carefully  mea- 
sured by  comparison  with  the  standard.  This  can  be  a  lai^e 
gas  burner,  or  say  a  50  c.p.  incandescent  lamp  {even  this  being 
obtained  if  need  be  by  comparison  with  a  16  cp.  lamp  which  has 
previously  been  standarised).      The  arc  lamp  is  now  placed  at 


i^iCooc^lc 


INCANDESCENT  LAMPS.  1155 

some  distance  (8  or  10  yds.)  from  the  50  c.p.  lamp,  and  the 
balance  obtained  in  the  usual  way,  the  distances  being  measured 
up  in  inches  or  centimetres  (any  scale  will  do,  providing  we  keep 
the  same  for  measuring  both  sides). 

In  the  second  method  it  is  preferable  to  use  a  longer  photo- 
meter than  that  required  for  small  incandescent  lamps,  which  need 
not  be  more  than  2  yds.  long.  An  opaque  disc  of  such  a  size 
that  half  of  it  cuts  off  the  light  of  the  arc  from  the  photometer  is 
fixed  to  a  horizontal  spindle,  and  is  capable  of  rotation  in  front  of 
the  arc  by  a  motor.  One  or  more  sectors  are  cut  in  the  disc,  so 
that  the  light  from  the  arc  only  shines  on  the  photometer  when 
a  sector  is  in  front  of  it.  Suppose  the  width  of  the  screen  between 
the  sectors  be  equal  to  the  width  of  the  sectors,  then  the  screen 
will  cut  off  half  the  light,  for  the  light  we  get  on  the  photometer 
when  the  screen  is  rapidly  revolved  is  a  resultant  value,  the  per- 
sistence of  vision  preventing  us  from  seeing  any  fluctuations  when 
the  speed  of  the  disc  is  above  a  certain  value,  depending  on  the 
number  of  sectors.  But  we  can  arrange  for  the  sectors  to  occupy 
any  fraction  of  the  total  area  we  please,  and  so  cut  off  any  fraction 
of  the  light,  and  the  candle-power  obtained  must  then  be  multiplied 
by  the  reciprocal  of  the  fraction  of  light  employed.  Thus,  suppose 
the  screen  cuts  off  I'^j-  of  the  light,  then  we  are  only  using  ^^  of  the 
total  light  of  the  lamp,  and  if  on  calculating  out  we  find  this  is 
equivalent  to  85  cp.,  then  we  must  multiply  85  by  -j-=  10,  so 

TIT 

that  the  candle-power  of  the  whole  arc  =  850  c.p. 

The  method  adopted  for  measuring  the  photometrical  value  of 
arc  lamps  by  the  National  Electric  Light  Association  Committee  is 
interesting,  and  may  be  considered  as  embodying  the  best  practice 
in  this  branch  of  the  work.  In  this  case  two  mirrors  are  employed, 
one  on  either  side  of  the  lamp,  which  gives  a  much  belter  illumina- 
tion of  the  photometer  disc  when  the  arc  wanders  from  side  to  side, 
as  is  the  case  with  alternating  and  enclosed  arc  lamps.  A  rotating 
sector  is  employed  with  very  narrow  angular  apertures,  revolved 
by  a  small  motor. 

The  arc  lamp  is  arranged  in  line  with  the  photometer,  and  at 
a  fairly  large  distance  from  it,  the  angle  of  incidence  of  the  reflected 
beams  of  light  being  5°  54',  while  the  direct  light  from  the  lamp 
is  cut  off  by  a  screen. 

Of  course  there  will  be  a  slight  error  due  to  the  incident  rays 
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not  being  nonnal  to  the  screen,  but  a  correction  can  be  made  if 
desired  by  dividing  the  intensity  as  measured  by  the  cosine  of  the 
angle  of  incidence,  but  if  the  angle  be  small,  as  in  this  case,  the 
error  is  n^Hgible. 

The  anrangement  of  the  photometer  and  lamp  is  shown  in 
Fig.  138,  but  the  distance  between  them  should  be  relatively  much 
greater.  The  mirrors  must  be  of  such  a  size  that  the  whole  of  the 
outer  globe  is  visible  when  viewed  from  the  photometer.'  They 
are  supported  by  balanced  arms,  so  as  to  be  adjustable  for  various 
angles  of  illumination. 

With  this  arrangement  it  is  impossible  to  move  the  photometer 
head,  therefore  the  standard  is  made  movable  by  connecting  it  by 
means  of  an  endless  band  lo  a  small  band  wheel  in  front  of  the 
[^tometer. 


© 
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Fig.  138. 


On  the  front  of  the  photometer  a  scale  is  fixed,  and  when 
balance  is  obtained  a  mark  is  made  on  the  scale  at  the  position 
of  the  standard  by  pressing  a  key  which  closes  the  circuit  of  an 
electro-magnet  carried  on  the  standard  lamp  carriage,  the  armature 
of  which  is  thereby  attracted  and  records  its  position  on  the  scale. 
Thus  a  record  is  kept  of  each  test,  and  the  mean  of  three  or  four 
readings  can  be  easily  found. 

The  operator,  screened  from  all  external  sources  of  light,  sits 
in  front  of  the  photometer,  and  moves  the  standard  lamp  with 
one  hand  and  presses  the  key  with  the  other,  when  balance  is 
obtained. 

The  standard  employed  is  an  ordinary  incandescent  lamp,  and 
a  second  reserve  standard  is  fixed  to  an  arm  a  metres  away, 
which  can  be  swung  into  position  by  the  operator,  and  the  work- 
ing standard  checked  from  time  to  time  by  comparing  them.  This 
reserve  standard  is  therefore  never  burning  more  than  a  minute  or 
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so  at  a  time,  and  is  occasionally  calibrated  very  carefully  with  a 
Hefner  or  other  standard. 

If  the  arc  lamp  be  particularly  weak  in  any  test,  the  standard 
can  also  be  reduced  in  intensity  by  means  of  a  series  of  Stops, 
and  its  value  again  compared  with  the  reserve  standard  at  the  end 
of  the  test. 

Where  great  accuracy  is  not  required,  it  is  sometimes  sufficient 
-  to  interpose  a  sheet  or  sheets  of  milky  white  or  smoked  glass,  and 
obtain  a  balance  in  the  ordinary  way,  after  which  the  amount  of 
light  cut  off  by  them  can  be  measured  by  means  of  an  incan- 
descent lamp  and  standard  candles. 
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CHAPTER  XV. 

THE  CONTINUOUS  CURRENT  DYNAMO. 

In  Chapter  V.  it  was  shown  that  an  e.m.f.  is  developed  in  aiif 
conductor  that  cuts  through  lines  of  force,  and  that  the  value  of 
the  e.m.f.  so  developed  is  proportional  to  the  rate  of  cutting.  Thus, 
one  conductor  cutting  one  line  of  force  in  one  second  has  t 
(absolute)  unit  of  e.m.f.  developed  in  it;  one  conductor  cutting 
i,ooo  lines  of  force  in  one  second  would  develop  1,000  absolute 
units ;  while  if  1,000  conductors  cut  through  1,000  lines  of  force 
in  one  second,  the  e.in.f.  would  be  1,000  times  greater  than 
if  only  one  conductor  cut  them.  Again,  if  these  conductors 
cut  the  lines  of  force  in  -^  second,  then  the  e,m.f.  developed 
is  ten  times  greater;  or  the  e.m.f.  is  equal  to  ^  where h- total 

lines  of  force  cut,  t»  total  turns  in  the  conductor  cutting  u  lines, 
and  /'the  time  in  seconds  occupied  in  the  operation.  But  we 
have  seen  that  the  practical  unit  of  e.m.f.,  the  volt,  is  equal  to 
100,000,000  absolute  units,  and  to  express  the  e.m.f.  developed  in 
this  way,  in  volts,  we  must  divide  the  value  obtained  by  10^. 

This  is  the  starting  point  in  the  theory  and  design  of  modem 
dynamos,  the  quantities  which  determine  the  e.m.f.  being  multi- 
plied up  to  produce  any  required  e.m.£     Suppose  it  be  required 

to  generate  100  volts-"  100  x  lo^  absolute  units,  then  !i^ must  = 

100  X  10^  and  if  we  have  say  500  conductors,  which  we  can  move 
through  the  field  in  say  -^  second,  then  the  total  lines  to  be  cut 
must  =  3000000,  for  zoooooo  x  500  x  10  =  100  x  10*.  Referring 
to  Chapter  VI.,  it  will  be  seen  from  the  curve  of  magnetisation  of 
iron,  given  in  Fig.  21,  that  we  can  get  a  magnetic  density  of  16,000 
lines  per  square  centimetre  without  a  very  large  expenditure  of 
energy,  and  therefore  to  provide  for  the  a,ooo,ooo  lines  of  force 
required  in  our  supposed  case,  we  should  provide  '°°°°°'^  =  uj 
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sq.  cm.  of  iron  in  which  to  establish  the  field  at  the  point  where 
the  conductors  are  to  be  moved.  For  mechanical  reasons  it  is 
found  most  convenient  to  move  the  conductors  by  a  rotary  motion, 
and  the  rotating  part  of  the  dynamo  in  which  the  e.m.f.  is  de- 
veloped is  called  the  "  armature." 

The  method  of  calculating  the  size  of  the  field  magnet,  or  the 
magnet  which  has  to  provide  the  field  of  the  machine,  and  the 
required  number  of  ampere  turns  for  any  intensity  of  field,  has 
been  given  in  Chapter  VI. 

Continuous  current  dynamos  are  made  with  from  one  to  as 
many  as  twelve  pairs  of  poles,  depending  on  the  size  of  the 
machine.  For  small  sizes,  which  may  be  run  at  a  high  speed 
with  safety,  one  pair  of  poles  will  suffice,  but  for  larger  machines 
the  heat  developed  in  so  small  a  space  would  raise  the  temperature 
to  a  dangerous  value.  The  current  that  flows  in  the  armature, 
when  a  load  is  taken  from  the  dynamo,  exercises  an  influence  on 
the  field,  distorting  and  weakening  it,  and  with  large  loads  this 
becomes  excessive  with  two-pole  machines.  Again  with  large 
powers,  a  multipolar  machine  is  much  lighter  than  a  bipolar  for 
the  same  output,  for  we  can  arrange  the  material  more  econo- 
mically. For  these  reasons  we  find  it  unsatisfactory  to  make 
machines  with  a  single  pair  of  poles  for  loads  over  150  kilowatts, 
and  the  tendency  is  to  malce  much  smaller  machines  (even  as  low 
as  50  k.w.),  with  three  or  four  pairs  of  poles.  This  has  another 
advantage  in  some  cases,  the  speed  being  inversely  proportional 
to  the  number  of  pairs  of  poles  for  any  given  cm.f.,  other  things 
being  equal,  a  much  slower  speed  engine  can  be  employed  direct 
coupled  to  the  dynamo.  The  large  traction  generators  of  1,500 
to  a,ooo  kilowatts  are  now  universally  made  with  a  large  number 
of  poles,  and  are  usually  arranged  between  the  cranks  of  a  com- 
pound engine. 

The  simplest  case,  however,  and  the  one  we  shall  consider 
here,  is  the  two-pole  type.  In  such  the  armature  reaction  limits 
the  size  of  the  armature  core  to  something  like  34  in.  diameter. 
This  is  always  made  of  thin  iron  stampings,  either  rings  or  discs, 
which  are  supported  on  a  shaf^  at  the  centre,  and  each  stamping 
is  varnished  with  shellac  before  being  put  on,  to  insulate  it  from 
the  next  The  reason  for  so  laminating  the  iron  is  to  prevent 
lai^e  eddy  currents  that  would  otherwise  flow  round  the  iron 
when  it  is  moved  in  the  magnetic  field,  for  any  conductor  so 
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moved  will  develop  an  e.m.f.  depending  on  ihe  rate  of  cutting  lines 
of  force,  and  if  the  iron  were  solid  ve  should  have  a  conductor 
with  a  very  small  resistance,  and  even  though  the  e.m.f.  developed 
in  it  is  small,  seeing  that  it  would  be  equivalent  to  only  two  con- 
ductors cutting  through  the  field,  because  of  its  very  small  resist- 
ance, the  current  may  (and  would  in  most  cases)  be  very  targe,  and 
the  iron  would  soon  get  hot,  besides  absorbing  a  large  amount  of 
power  by  forming,  as  it  were,  an  electrical  brake.  The  effect  of 
lamination  is  illustrated  in  Fig.  139,  and  in  lai^e  machines,  by 
the  best  makers,  the  iron  in  the  armature  does  not  exceed  .01  in. 


Fig.  139. 

in  thickness.  If  the  stampings  be  discs,  they  must  be  provided 
with  ft  key-way  at  the  centre,  or  a  hexagonal  hole,  made  to 
fit  a  similarly  shaped  shaft  at  the  centre.  A  stout  end-plate 
presses  against  a  boss  on  the  shaft,  and  the  iron  stampings  are 
then  threaded  on  till  the  required  sectional  area  of  iron  is  obtained 
(allowing  for  the  space  occupied  by  the  insulating  varnish  whose 
permeability  is  unity).  A  second  end-plate  is  then  placed  on, 
and  bolted  up  by  nuts  screwed  on  to  the  shaft  and  locked  in 
position,  as  shown  in  Fig.  140. 

If  rings  are  employed  instead  of  discs,  a  support  made  in 
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brass  or  gun-metal  with  radial  arms  fitting  into  slots  in  the  inner 
circumference  of  the  rings  must  be  provided.  This  support, 
shown  in  Fig.  141,  is  known  as  the  armature  spider,  and  is  keyed 
or  otherwise  rigidly  fixed  to  the  shaft.  In  both  the  disc  and  ring 
support  the  object  is  to  give  a  rigid  attachment  to  the  shaft,  for  the 
power  is  applied  to  the  pulley  on  the  end  of  the  shaft,  and  has 
to  be  transmitted  to  the  armature  conductors  (dragging  them 
through  the  field)  by  the  shaft  and  armature  core.     The  armature 


Fig.  141. 


when  built  of  discs  is  known  as  a  "drum,"  when  of  rings  a 
"  Gramme  "  armature,  from  the  name  of  its  inventor. 

The  outer  circumference  of  the  stampings  is  now  commonly 
made  with  a  large  number  of  %\o\.\  and  the  conductors  are  wound 
in  them,  both  the  conductors  and  the  inside  walls  of  the  slots 
being  insulated.  The  size  of  the  conductors  depends  on  the 
current  required,  for  each  conductor  on  the  armature  has  to  carry 
half  the  total  current,  as  we  shall  see  immediately.  Now  the  more 
conductors  we  get  on  the  armature,  the  smaller  become  the  other 
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factors  which  detennine  the  e.ai.f^  and  therefore  the  tendency  is 
(o  nuke  the  Dumber  as  large  as  is  possiUe  from  consideratioiis  of 
the  maxiinum  allowable  heating  aiHl  airoature  reacdon,  and  though 
in  the  case  <rf' mains  (where  the  diief  oonsideratioD  is  that  <tf  vollage 
drop)-we  allow  a  current  doistty  of  i.ooo  ampoes  per  squaie  indi, 
we  find  the  cutrent  density  in  most  dynamo  armatures  TOiying 
between  1,800  to  3,500  ampoes  per  square  inch,  depending  on 
the  maximum  allowable  temperature  rise  at  (iill  load,  whidi  again 
depends  on  t?%.  The  Admiralty  specify  that  the  temperature 
difference  between  the  room  and  the  annature  face  must  not 
exceed  30*  F.  one  minute  from  the  time  the  machine  has  been 
stopped  after  a  continuous  six  hours  run  at  fiitl  load,  though  twice 
this  amount  is  often  found  in  many  machines. 

The  heat  developed  is  dissipated  principally  by  radiation  from 
the  armature  sur&ce,  and  if  no  other  provision  is  made  for  cooling 
we  must  allow  a  certain  amount  of  surface  for  any  given  tempera- 
ture rise. 

The  heat  developed  represents  so  much  power  wasted,  and  is 
equal  to  c^r  in  every  case,  and  this  again  is  proportional  to  the 
current  density.  The  higher  the  current  density  for  a  ^ven 
current,  the  smaller  will  be  the  sectional  area  of  the  conductors, 
and  therefore  the  greater  their  resistance  becomes. 

Mr  Esson  gives  a  rule  for  finding  the  amount  of  surface  neces- 
aiy  for  any  given  temperature  rise,  thus : — 

Temperature  rise  in  degrees  C.l  _  350  x  watts  wasted 

for  drum  armatures  /      surface  in  sq.  cm. 

Temperature  rise  in  d^rees  C.  1     325  x  watts  wasted 

for  ling  armatures  /      sur&ce  in  sq.  cm. 

and  for  field  magnet  winding  for  a  maximum  depth  of  7  cm. 

Temperature  rise  in  degrees  C.  =  33S  ^  watts  wasted 

surface  in  sq.  cm. 

Armatures  are,  however,  often  ventilated,  so  that  we  get  cold  air 
drawn  in  through  holes  punched  in  the  armature  discs,  and  then 
by  inserting  small  distance  pieces  at  intervals  in  building  up  the 
armature  core,  spaces  are  left  so  that  the  cold  air  can  find  its  way 
to  the  conductors  on  the  surface,  and  so  keep  them  cool  This  is 
shown  in  the  part  section.  Fig.  140. 

The  maximum  current  required  from  the  dynamo  being  settled, 
the  size  of  the  conductors  is  also  settled.  Suppose  the  current 
required  be  100  amperes,  then  each  conductor  must  be  able  to 
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cany  50  amperes,  and  at  say  2,000  amperes  per  square  inch  the 
sectional  area  of  the  conductors  must  be=-7^7-.o35  sq.  in. 
The  sectional  area  of  the  insulated  wire  will  of  course  be  greater. 
The  insulation  commonly  employed  is  a  double  layer  of  cotton 
which  increases  the  diameter  by  about  20  mils,  or  .02  in.,  and 
therefore  the  sectional  area  of  the  wire  with  its  insulation  will  be 
increased  from  .035  sq.  in.  to  .0308  sq.  in.,  and  the  number  of 
wires  we  can  get  into  the  insulated  slot  and  therefore  the  total 
number  of  conductors  we  can  employ  on  the  annature  of  given 
diameter  is  thereby  determined. 

We  are  limited  in  the  width  and  depth  of  the  slots,  for  by 
cutting  the  iron  away  at  these  parts  we  very  considerably  increase 
the  density  of  the  lines  in  the  teeth,  and  consequently  the  mag- 
netic reluctance  in  them  is  much  greater  than  in  the  armature 
core  below  the  teeth,  and  to  increase  the  length  and  width  of  the 
slots  unduly  would  cause  the  magnetic  reluctance  of  the  armature 
to  greatly  increase,  for  the  teeth  would  be  saturated  with  but  a 
relatively  small  number  of  lines  of  force.  Where  a  slotted  arma- 
ture is  used,  it  is  necessary  when  calculating  the  required  excita- 
tion to  find  the  density  of  the  lines  in  the  teeth.  The  ampere 
turns  per  centimetre  required  to  produce  this  h^h  density  in  the 
teeth  will  be  much  greater  than  for  the  remainder  of  the  armature. 
But  by  embedding  the  conductors  in  the  iron  in  this  way  it  is 
possible  to  use  a  smaller  air-gap,  and  on  this  account  less  ampere 
turns  are  required,  but  as  we  shall  see  presently  where  a  short  air- 
gap  is  used,  the  field  should  be  exceptionally  dense  in  order  to 
obtain  good  commutation. 

The  shape  and  size  of  the  slots  vary  in  practice,  depending 
on  the  size  of  the  machine  end  on  the  voltage  The  higher  the 
voltage  the  larger  must  be  the  space  allowed  for  insulation,  or 
what  is  known  as  the  space  factor,  that  is,  the  area  of  the  copper 
in  the  slot  divided  by  the  area  of  the  slot  must  be  greater  for 
high  volt^es  than  for  low.  A  common  practice  is  to  make  the 
slots  and  teeth  about  equal  in  width,  and  the  depth  about  3} 
times  the  width ;  then,  allowing  for  the  space  factor  (which  varies 
from  .25  to  .4  depending  on  the  e.m.f.),  the  number  of  conductors 
that  can  be  got  on  the  armature  is  fixed. 

The  conductors  are  wound  into  a  number  of  coils,  the  number 
depending  on  the  allowable  variation  in  e.m.f.  per  revolution,  and 
on  the  permissible  potential  diTerence  between  adjacent  com- 
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mutator  bars,  better  commutation  being  assured  by  providii^  a 
large  number  with  few  turns.  The  number  varies  in  bi^e  size,  two- 
pole  machines  from  60  to  80,  and  these  coils  are  all  connected  in 
series,  forming  a  closed  coil  on  the  armature.  If  the  core  be  built 
up  of  rings,  the  coils  are  wound  by  passing  the  wire  through  the  slot 
and  then  inside  the  ring  as  shown  diagram  mat  ically  in  Fig.  142. 
In  large  machines  with  stout  wire  this  is  not  an  easy  job,  and 
therefore  the  larger  sizes  are  usually  wound  with  stranded  wire. 
The  space  inside  the  ring  becomes  crowded,  and  unless  wound  by 
a  skilful  person  it  gets  unsymmetrical,  and  there  is  danger  of  the 
insulation  being  injured  in  drawing  the  wires  through. 

It  is  only  the  length  of  conductors  in  the  slots  in  this  case 


that  helps  to  build  up  the  e.m.f.  of  the  machine,  the  portions 
of  wire  at  the  ends  and  in  the  inner  part  of  the  ring  being  simply 
connecting  wires  joining  the  different  conductors  in  the  slots  in 
series.  These  connecting  wires  are  a  good  deal  longer  than  the 
active  wires  on  the  surface,  and  therefore  add  considerably  to  the 
resistance  of  the  machine.  If  the  iron  in  the  armature  is  ample, 
^practically  all  the  lines  of  force  will  be  conducted  by  the  iron  from 
pole  to  pole,  and  very  few  will  cross  the  central  portion,  for  the 
air  space  offers  such  a  large  magnetic  reluctance  compared  with 
the  iron  of  the  armature.  Any  lines  which  do  leak  across  this 
space  are  being  cut  by  the  inner  connecting  pieces,  and  an  e.m.f. 
is  thereby  induced  in  these  in  opposition  to  that  produced  b)- 
the  conductors  in  the  slots.     It  is  therefore  essential  to  provide 
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Bullident  iron  to  carry  the  lines,  otherwise  the  c.m.f.  developed 
at  the  terminals  may  be  considerably  less  than  we  are  expecting 
to  get. 

In  the  case  of  the  drum  armature,  the  conductor  after  passing 
throi^h  a  slot  is  taken  to  a  point  near  the  other  end  of  a  diameter, 
and  returns  in  the  slot  at  that  side,  then  is  taken  up  to  the  first 
slot  and  through  it  again,  and  then  across  to  the  other  side,  and 
so  on  till  the  coil  is  wound  up  as  shown  diagrammatical ly  in  Fig. 
143.  In  this  case  the  wires  at  each  end  act  as  connectors,  for 
each  wire  in  the  slot  is  doing  its  share  in  building  up  the  e.m.f., 
and  therefore  there  is  a  distinct  advantage  in  making  the  drum 
armature  longer  than  the  ring,  for  the  increased  length  of  the 


Fig.  143. 


armature  does  not,  in  this  case,  alter  the  length  of  the  connecting 
wires,  and  the  percentage  of  active  wire  is  therefore  increased. 

But  if  wound  over  with  wire  in  the  way  described  the  wires 
must  overlap  at  the  ends  and  bulge  round  the  shaft,  not  only 
taking  up  a  large  amount  of  valuable  space,  but  also  making  it 
extremely  difficult  to  repair  an  injured  coil,  for  before  any  coil  can 
be  replaced,  the  whole  of  the  winding  above  it  at  the  ends  must 
be  removed,  which  in  many  cases  means  a  complete  unwinding  of 
the  armature.  This,  however,  is  overcome  in  the  larger  machines 
by  employing  special  end-connectors. 

These  consist  of  thin  sheet  copper  stampings  nearly  semi- 
circular in  shape,  shown  in  Fig.  144,  each  having  a  small  lug  at 
either  end  whidi  is  turned  up  at  right  angles  to  the  main  part, 
the  whole  piece  with  the  exception  of  the  lugs  being  very  carefully 
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insulated  with  shellac  vamish  and  thin  pure  silk  ribbon,  so  that 
even  vhen  insulated,  they  take  up  but  little  room.  If  now  half 
as  many  of  these  connectors  as  there  are  con- 
ductors in  the  slots  be  placed  side  by  side  edge- 
ways, with  the  lugs  one  behind  the  other,  they 
will  form  a  circle  of  a  certain  width,  depending 
on  the  number  of  connectors  with  the  lugs  fonning 
a  spiral  round  the  outside.  It  is  evident  that 
if  we  twist  or  stagger  the  connectors  we  could 
arrange  the  lugs  as  two  circles  instead  of  a  spiral 
as  shown  in  Fig.  140,  and  in  this  case  there  is  no 
overlapping  of  the  connectors.  In  large  machines 
where  this  method  is  adopted  the  conductors  are 
often  made  of  rectangular  bars  of  stranded  copper 
wire  or  copper  strip,  and  one  or  at  most  two 
^'  '"'*■  bars  per  slot  constitute  the  annature  inductors. 
These  are  arranged  so  as  to  overhang  the  arma- 
ture at  each  end  with  alternate  long  and  short  bars  in  various 
ways,  one  of  which  is  shown  in  Fig.  140,  A  cast-iron  channel 
or  box,  circular  in  shape  and  wide  enough  to  carry  the  end 
connectors,  is  insulated  on  the  inside  and  fixed  one  at  each 
end  of  the  armature  core,  the  diameter  of  this  box  being  such 
that  when  the  connectors  are  in  place  the  lugs  are  on  a  level 
with  the  straight  armature  bars,  and  the  bars  are  connected  to 
their  respected  lugs.  In  some  cases  the  box  is  cast  in  one  piece 
with  the  armature  end-plates.  Consider  the  winding : — Starting 
with  a  long  bar  on  the  right,  we  arrive  at  the  lug  connected  with 
it,  and  then  spiral  inwards  to  the  lug  on  the  other  end  of  the  same 
connector,  which  is  connected  to  a  short  bar  nearly  opposite  the 
long  bar  above,  then  through  this  short  bar  to  the  lug  at  the  other 
end  which  spirals  outwards,  and  the  outer  lug  of  the  same  con- 
nector is  joined  to  the  next  long  bar  from  the  one  we  started  with, 
and  bycontinuingthisall  the  way  round,  the  winding  wili  eventually 
close  on  itself,  forming  a  continuous  or  short  circuited  coil.  This 
is  shown  in  extended  form  in  Fig.  145.  Here  the  armature  is 
supposed  to  be  flattened  out,  therefore  from  either  end  to  the  centre 
represents  half  the  circumference  of  the  armature.  Fig.  146  gives 
in  the  same  way  another  method  of  connecting  where  all  the  bars 
are  of  equal  length,  but  alternate  bars  project,  one  at  one  end* 
and  the  next  at  the  other  end  of  the  armature  core. 
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When  the  conductors  are  Urge  in  sectional  area,  it  is  prefer- 
able to  use  stranded  or  laminated  conductors  instead  of  solid  bars, 
because  at  the  horns  of  the  field  magnet  the  density  of  the  field 
varies  considerably,  and  the  leading  and  trailing  edges  of  a  lai^e 
conductor  may  therefore  be  cutting  through  fields  of  different 
density,  with  a  consequent  difference  of  potential  between  the  two 
edges.  This  would  cause  eddy  currents  to  flow  down  one  face, 
across  the  metal  at  the  ends,  and  up  the  other  face,  and  these 
currenU  are  independent  of  the  main  current,  simply  wasting 
energy,  and  by  heating  the  conductors,  diminish  the  output  of 


Fig-  145- 


Fig.  146. 


the  machine.  The  e.m.f.  so  developed  is  very  small,  and  the 
film  of  oxide  formed  on  the  stranded  wire  is  often  sufficient  to 
prevent  the  eddy  currents  flowing,  and  being  stranded,  any  one 
wire  is  partly  in  the  stronger  and  partly  in  the  weaker  portion  of 
the  fle'd,  and  the  eflect  is  therefore  annulled.  If  copper  strips  are 
employed,  they  should  be  slightly  insulated,  and  then  a  twist  oi 
180°  put  on  each  conductor  near  its  centre,  which  effectually 
prevents  eddy  currents  in  the  conductor  (see  Fig  147). 

We  have  now  to  consider  the  action  of  such  an  armature  when 
revolved  in  a  magnetic  field  such  as  that  described  at  the  end  of 
Chapter  VI.    Ta]ce  first  the  simplest  case,  namely,  that  of  a  single 
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coil  83  shown  in  F^.  148.  The  direction  of  the  induced  e.m.f. 
depends  on  the  direction  of  cutting  lines  of  force,  and  it  will  he 
noticed  that  the  field  b  in  the  same  direction  on  both  sides  of  the 
armature,  and  therefore  when  the  coil  is  rotated,  the  e.in.f.  in  it 
reverses  in  direction  at  each  half  revolution  for  its  direction  of 
cutting  through  the  field  reverses.  If  we  should  connect  the  ends 
of  this  coil  to  two  insulated  rings  on  the  shaft  and  provide  brushes 
to  make  contact  with  them,  then  in  any  circuit  connecting  the 
brushes  we  should  get  an  alternating  current  with  one  complete 
alternation  or  period  per  revolution.  Twice  in  a  revolution  the 
current  would  be  zero,  and  twice  it  would  have  a  maximum  value, 
as  shown  in  the  curve,  Kig.  149, 

If,  instead  of  having  two  insulated  ring?  on  the  shaft,  we  pro- 


Fig,  isi. 


Fig.  isj. 


vide  one  only  which  has  been  cut  across  a  diameter  and  the  two 
halves  mounted  on  the  shaft  to  form  one  ring,  but  insulated  from 
one  another,  and  connect  the  ends  of  the  coil  to  these  half  rings, 
we  make  the  current  in  the  external  circuit  unidirectional,  for  now 
when  the  coil  has  reached  its  position  of  zero  e.m  f.,  the  two 
halves  of  the  split  ring  are  changing  contact  with  the  brushes,  that 
is  to  say,  the  top  half  of  the  split  ring  which  has  been  in  contact 
with  the  top  brush  while  the  coil  has  been  moving  up,  now 
breaks  away  from  the  top  brush  and  comes  in  contact  with  the 
bottom  brush,  remaining  so  while  the  coil  is  moving  down,  and 
the  moment  the  coil  commences  to  move  up  once  more,  the 
halves  of  the  split  ring  change  contact  again.  In  this  way, 
though  the  current  in  the  armature  coil  reverses  at  each  half 
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revolution,  the  current  in  the  external  circuit  is  made  constant  in 
direction  (Figs,  150,  151). 

If  we  place  an  exactly  similar  coil  opposite  the  first,  and 
connected  it  to  the  same  two  half  rings  (Fig.  151),  we  should  have 
the  two  coils  in  parallel,  and  the  resistance  from  one  half  ring  to 
the  other  reduced  to  half  its  former  value  ;  and  though  we  should 
get  no  increase  in  the  e.m.f.,  still  the  capacity  of  the  machine 
would  be  doubled,  for  each  coil  now  carries  only  half  the  total 
current  If  the  external  circuit  is  switched  off,  no  current  flows 
in  the  two  armature  coils,  for  they  are  then  generating  e.m.f, 's  of 
equal  value  but  opposite  in  direction,  exactly  as  the  two  similar 


cells  shown  in  Fig.  153  cannot  send  a  current  round  their  own 
circuit.  The  direction  of  the  e.m.f.  in  these  two  coils  with  raised 
brushes  should  be  carefully  worked  out  by  the  student,  and  he 
will  see  that  for  any  position  of  the  coils  the  e.m.f. 's  induced  in 
them  will  be  equal  and  opposite  in  direction,  that  is,  tending  to 
urge  a  current  round  the  armature  coils  in  opposite  directions 
(see  page  289).  But  when  the  external  circuit  is  completed  the 
two  coils  are  put  in  parallel  in  the  ordinary  way,  as  represented  in 
the  case  of  the  two  similar  cells  in  Fig.  154. 

The  current  so  obtained  in  the  external  circuit  is  very  fluctuating 
and  would  be  greatly  improved  by  placing  two  other  coils  at  90*  to 
the  first  two,  so  that  when  one  pair  is  in  its  lero  e.m.t  position, 
the  other  pair  is  generating  Ih  maximum  e.m.f.  But  now  the  ring 
must  be  divided  into  four  parts  instead  of  two,  and  the  coils 


i^iCooc^lc 


THE  CONTINUOUS  CURRENT  DYNAMO.      271 

connected,  as  shown  in  Fig.  155.  If  we  plot  a  curve  of  e.m.f.  for 
these  two  coils  we  find  we  get  not  only  a  larger  e.m.f.,  but  also 
one  that  is  much  steadier,  and  which  never  at  any  part  of  a  revolu- 
tion falls  below  the  maximum  value  obtained  with  a  single  pair. 
Thecurveisshownin  Fig.  156,  where  a  and  b  represent  the  cunes 
of  e.m.f.  of  the  two  coils  separately,  one  being  quarter  revolution 
behind  the  other,  and  the  resultant  of  a  and  b  is  shown  by  the 
curve  c,  which  represents  the  variations  in  e.m.f,  at  the  brushes. 

On  examination  it  will  be  noticed  that  the  four  coils  on  the 
armature  are  wound  in  simple  series,  the  end  of  one  being  con- 
nected,to  the  beginning  of  the  next.     There  is  no  reason  why  we 
/ 


Fig  iSS- 


should  not  wind  other  coils  in  the  spaces  between  the  four  coils  we 
have  wound  on,  connecting  them  up  in  series  with  the  others  in  the 
same  way,  and  providing  a  corresponding  number  of  subdivisions 
in  the  split  ring,  or  commutator  as  it  is  called.  Every  additional 
coil  so  put  on  increases  the  value  and  steadiness  of  the  e.m.f. 
obtained  at  the  brushes,  as  will  be  seen  by  considering  the  case  of 
eight  coils  shown  in  Fig.  157,  We  might  continue  this  reasoning 
till  we  had  one  commutator  segment  for  every  conductor  on  the 
armature,  and  the  whole  armature  completely  filled  with  winding. 
The  latter  is  always  done  in  practice,  and  we  get  our  ring  or  drum 
wound  armature,  the  construction  of  which  we  considered  In  the 
early  part  of  this  chapter,  with  all  the  conductors  connected  as  a 
closed  coil  in  series.     But  it  is  found  that  by  subdividing  the  con- 
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diictors  into  about  sixty  parts  the  e.n].f.  obtained  is  steady  enough 
for  all  ordinary  purposes,  and  consequently  if  there  be  say  340 
conductors  on  the  armature,  then  after  every  four  complete  lums 
we  malce  a  connection  on  to  one  segment  of  the  commutator.  In 
the  case  of  the  drum  wound  bar  arm&t-ure  the  connection  to  the 
commutator  is  effected  by  prolonging  every  second  or  fourth  bar 
as  the  case  may  be,  so  as  to  be  long  enough  to  make  connection 
to  the  end  connector  lug  and  the  commutator  lug  also. 

It  has  been  pointed  out  that  the  e.m.f.  developed  depends 
not  only  on  the  number  of  lines  of  force  being  cut  =•  N,  and 
the  number  of  conductors  cutting  lhem  =  r,  but  also  on  the 


time  taken  in  cutting.  Now  in  one  revolution  of  the  armature 
every  conductor  cuts  through  the  field  twice,  and  therefore  if  s 
represents  the  speed  of  the  armature  in  revolutions  per  second  we 
might  state  the  e.m,f.  developed  in  the  armature  as 

E=3MXfXS. 

But  the  conductors  on  the  armature  do  not  all  develop  an  e.m.f. 
in  the  same  direction.  The  two  halves  being  in  parallel,  the  e.ni.f. 
is  just  half  what  it  would  be  if  the  whole  of  the  conductors 
developed  an  e.m.f.  in  the  same  direction.  The  e.m.f.  developed 
by  half  the  conductors  is  in  fact  as  much  as  that  developed  by  the 
whole  number,  so  we  must  write 
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In  all  practical  woric  the  e.m.f.  is  expressed  in  volts,  and  as  the 
e.m.f.  represented  by  Nfs  is  in  absolute  units,  we  must  divide  by 
loooooooo  or  lo",  which  is  the  number  of  absolute  units  equiva- 
lent to  I  volt 

Therefore,  volts  =  ^ 

{The  student  must  guard  against  confounding  c,  which  here 
stands  for  the  total  number  of  conductors  counted  all  round  the 
circumference  of  the  armature,  with  c  which  we  have  used  repeatedly 
to  symbolise  the  current.) 

With  a  given  size  machine,  which  is  usually  expressed  in  kilo- 
watt units  or  units  of  1,000  watts  each,  the  speed  is  fixed  within 
certain  limits,  for  the  larger  the  machine  the  heavier  are  its  moving 
parts.  In  modem  machines  of  this  type  (bipolar)  the  usual  speeds 
adopted  are : — 

I     to      Z.5  kilowatt,  3,000  to  r,5oo  revolutions  per  minute. 

2.5  to     5.0       „        1,300  to     900  „  „  \ 

3.5  to    13.5       „        1,000  to     800 
13-5  W    355       »  800  to     650 

35.5  to    70  „  700  to     500 

70     to  150  „  500  to     35° 

We  have  seen  that  the  number  of  conductors  it  is  possible  to 
get  on  the  armature  in  any  given  case  is  also  fixed  within  certain 
small  limits,  and  the  only  quantity  variable  to  any  extent  is  the 
total  lines  of  force.  The  required  number  in  any  case  is  deter- 
mined by  transposing  the  equation  v  =  — ^ 

Therefore  n  =  — ^ and  this  number  of  lines  of  force  must 

be  provided  in  the  armature  so  that  all  the  conductors  may  cut 
through  them.  We  cannot  get  them  in  the  armature  without 
having  a  large  number  of  leakage  lines,  and,  as  pointed  out  in 
Chapter  VI.,  about  25  or  30  per  cent  must  be  allowed  for  leakage, 
The  amount  of  iron  necessary  and  the  ampere  turns  or  excitation 
required  to  provide  this  field  can  then  be  found  by  the  method 
explained  in  Chapter  VI. 

Presuming  that  we  have  the  machine  completed  up  to  this 
point,  how  are  we  to  magnetise  the  field  magnet?  The  first 
method  that  suggests  itself  is  to  use  a  battery  of  accumulators, 
and  by  inserting  an  adjustable  resistance  in  the  field  circuit,  alter 
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the  current  flowing  till  we  gel  the  required  excitation.  This  would 
form  what  is  known  as  a  separately  excited  machine  (Fig.  158),  of 
which  we  shall  deal  to  a  certain  extent  later,  for  it  is  used  to  a 
fairl]'  large  extent  in  central  stations,  though  it  is  not  SO  often 
excited  from  a  batteiy  as  from  au;(iliary  exciting  bus  bars  as  they 
are  called.  Another  method  would  be  to  lead  the  current  in  the 
external  circuit  round  the  field  m^nets,  and  thus  make  it  self- 
exciting.  In  this  case,  when  the  external  circuit  is  open,  there  is 
no  excitation,  and  consequently  no  e.m.f.,  and  while  there  is  no 
excitation  there  can  be  no  e.m.f.  But  once  a  machine  of  this 
kind  has  been  strongly  magnetised,  and  in  fact  even  if  it  has  never 


Fig.  158. 

been  strongly  magnetised,  such  a  large  mass  of  iron  always  retains 
a  certain  small  field,  and  when  we  close  the  external  circuit,  the 
e.m.f.  slowly  builds  itself  up,  for  first  a  very  small  e.m.f.  is  de- 
veloped by  the  conductors  on  the  armature  cutting  through  the 
small  residual  field,  and  consequently  a  very  small  current  flows 
in  the  extemaf  circuit,  and  therefore  also  round  the  field  magnet. 
This  increases  the  magnetisation  slightly,  and  the  e.m.f.  and 
current  increases  with  it,  and  at  a  certain  stage  with  a  small  in- 
crease in  the  current  flowing  round  the  field  magnets,  the  field 
increases  at  a  very  rapid  rate,  rising  according  to  the  permeability 
curve  given  in  Fig.  ai,  but  of  course  depending  in  part  on  the 
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peTineability  of  the  iron  employed.  The  e.m.f.  and  consequently 
the  current  also  rises  very  rapidly  at  this  point,  and  soon  reaches 
its  fixed  value  for  that  particular  resistance  circuit,  and  the  machine 
could  only  be  used  within  certain  small  limits  where  the  iron  is 
saturated,  for  if  used  below  this  point  any  slight  changes  in  the 
resistance  of  the  circuit  would  cause  very  large  changes  in  the 
e.m.f.  and  current,  the  magnetisation  rising  and  falling  rapidly  as 
shown  by  the  magnetisation  curve.  An  increase  in  the  resistance 
of  the  circuit  with  such  a  machine  would  of  itself  cause  the 
current  to  decrease,  and  this  causes  the  e.m.f.  to  fall,  which  again 


Fig-  IS9- 


Fig.  i6a 


decreases  the  current,  and  therefore  there  is  really  only  one  par- 
ticular e.m.f.  for  any  given  resistance,  but  owing  to  the  iron  becoming 
saturated  at  a  certain  stage,  in  which  case  small  changes  in  the 
current  do  not  alTect  t!ie  strength  of  the  field  to  any  appreciable 
degree,  it  is  found  practicable  to  work  such  a  machine  with  a 
slight  variation  of  load,  though  they  are  intended  always  for  a 
constant  load,  and  are  known  as  "series"  machines,  for  the  field 
magnet  winding  is  in  series  with  the  external  circuit  (Fig.  159). 

We  might,  however,  connect  the  machine  in  another  way.  If 
we  wind  the  field  magnets  with  coils  of  many  turns  having  a  rela- 
tively high  resistance,  we  shall  get  the  required  excitation  with  a 
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correspondingly  smaller  current.  For  instance,  if  the  dynamo 
develops  loo  volts,  and  the  resistance  of  these  coils  be  16.6  ohms, 
then  the  maximum  current  would  be  —  ~  =  6  amperes,  and  if  led 

round  2,noo  times  would  provide  13,000  ampere  lums.  It  would 
not  do  to  connect  this  magnetising  coil  in  scries  with  the  main 
circuit,  for  even  on  short  circuit  we  could  not  get  more  than  6 
amperes  through,  and  if  we  had  any  resistance  in  series  with  the 
coil  we  should  get  a  considerably  smaller  current  stilL  But  the 
magnetising  coils  so  wound  can  be  connected  direct  to  the  arma- 
ture, in  parallel  with  the  external  circuit,  or  as  a  shunt  to  it,  in 
which  case  the  excitation  is  very  largely  independent  of  the  current 


Fig.  161. 


Fig.  162. 


in  the  external  circuit.     Such  a  machine  is  shown  diagram matically 
in  Fig.  160. 

Considering  these  machines  in  the  order  in  which  they  have 
been  described,  we  notice  that  with  the  separately  excited  machine 
the  field  is  independent  of  whether  the  machine  is  running  or  not, 
and  consequently  the  moment  it  starts  running  an  e.m.f,  is  de- 
veloped, and  at  its  normal  speed  it  generates  its  normal  e.m.f.  If 
now  a  small  current  be  taken  from  the  armature,  the  p.d.  drops 
owing  to  the  volts  spent  in  getting  the  current  through  the  arma- 
ture, and  also  armature  reaction  which  we  shall  consider  later, 
and  the  more  the  current  is  increased  in  the  external  circuit  by 
reducing  its  resistance  the  wore  volts  are  ^>ent  in  the  armature. 
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The  characteristic  curve  for  such  a  machine  when  the  excitation 
is  fixed  is  a  slanting  line  as  shown  in  Fig.  itii.  But  this  can  easil]r 
be  made  horizontal  by  adjusting  the  regulating  resistance  in  the 
field  circuit  to  increase  the  excitation  as  the  load  increases,  and 
consequently  we  can  arrange  to  have  a  constant  difference  of 
potential  at  the  terminals  with  varying  loads  which  is  a  strong 
point  in  its  favour. 

Referring  now  to  the  scries  machine.  When  the  current 
in  the  external  circuit  is  nought,  the  e.m.f.  is  also  nought, 
for  there  is  no  field.  As  the  resistance  in  the  external  circuit  is 
decreased,  the  current  increases,  and  with  it  the  magnetisation 
and  the  e.m.f.  rises  on  the  magnetisation  curve.     If  the  load  is 


Load  Currant. 
Fig,  163. 

still  further  increased,  the  e.m.f.  begins  to  fall,  for  the  effects  of 
armature  reaction  and  volts  spent  in  the  armature  are  now — owing 
to  the  iron  being  saturated — not  compensated  by  an  increase  in 
the  excitation.  If  we  plot  the  characteristic  curve  for  the  series 
machine,  we  have  the  shape  shown  in  Fig,  162,  which  is  the  same 
as  that  for  the  magnetisation  of  iron,  but  with  the  top  falling  instead 
of  rising.  It  will  be  noticed  that  the  variations  possible  in  the  load 
afe  limited  to  such  as  come  between  the  points  A  and  B  on  the 
curve,  for  it  is  only  between  these  points  that  the  e.m.f.  could  l>e 
said  to  be  sufficiently  steady,  and  for  loads  smaller  than  these  the 
magnetisation  is  in  a  very  unstable  condition,  very  largely  fluc- 
tuating with  slight  changes  in  the  load. 
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The  characteristic  cune  of  the  shunt  wound  machine  is  given 
in  Fig.  163.  In  this  case,  when  the  resistance  in  the  external 
circuit  is  a  maximum  and  the  current  in  it  is  nought,  the  e.m.f.  of 
the  machine  is  also  a  maximum,  for  the  field  magnet  winding  is 
connected  direct  to  the  armature  and  is  independent  of  the  external 
circuit.  As  the  load  in  the  external  circuit  is  steadily  increased 
the  armature  reaction  and  volts  lost  in  the  armature  also  increases, 
and  the  terminal  potential  difference  consequently  slowly  falls, 
which  causes  a  smaller  current  to  flow  round  the  field  nu^ets, 
this  being  dependent  on  the  terminal  p.d.  and  the  resistance  of  the 
field  magnet  winding.  While  the  iron  is  fairly  well  saturated,  this 
slight  decrease  in  the  field  magnet  current  makes  but  little  differ- 


Fig.  166. 


ence,  but  as  the  resistance  of  the  external  circuit  is  still  further 
decreased  and  the  terminal  p.d.  further  lowered,  the  armature 
reaction  becomes  of  relatively  greater  importance,  and  the  exciting 
current  becoming  feebler,  a  point  is  eventually  reached  where  the 
magnetisation  b  in  its  unstable  condition  and  the  e.m.f.  drops  to 
zero.  In  this  case  the  practical  working  loads  are  those  between 
the  points  marked  a  and  b,  and  we  get  a  slight  fall  in  voltage  with 
increasing  loads  from  a  and  B. 

If,  instead  of  plotting  the  characteristic  curves  with  ]>.d.  and 
current,  we  take  p.d.  and  resistance  in  the  external  circuit,  we 
should  get  for  the  series  machine  the  curve  shown  in  Fig.  164. 
Here,  when  the  external  resistance  is  small,  the  e.m.f.  has  its 
maximum  value,  and  as  the  external  resistance  is  increased,  the 
e.m.f.  falls,  at  first  slowly,  then,  at  a  critical  point  where  magnetisa- 


i^iCooc^lc 


THE  CONTINUOUS  CURRENT  DYNAMO.      279 

tion  becomes  unstable,  at  a  veiy  rapid  rate  down  to  zero.  This 
is  in  fact  the  previous  characteristic  of  the  series  machine  reversed. 

Plotting  the  same  thing  for  the  shunt  machine,  we  have  the 
curve  shown  in  Fig.  165.  Here,  when  the  external  resistance  is 
very  small,  the  e.m.f.  is  nought,  for  the  field  magnet  winding  is 
short  circuited  by  the  external  circuit  As  the  resistance  in  the 
external  circuit  is  increased,  the  current  in  the  field  magnet  coils 
increases  and  the  magnets  get  excited,  the  magnetisation  and 
therefore  also  the  e.m.f.  rising  on  the  magnetisation  curve.  This 
curve  then  is  the  opposite  to  that  for  the  series  machine,  and  it  is 
evident  that  if  we  could  combine  the  two  machines  we  should 
have  one  that  would  keep  a  constant  p.d.  for  all  changes  in  the 
load  from  zero  to  the  maximum  (tig.  166).  This  could  be  eETected 
by  running  the  two  machines  together  connected  in  series.  When 
the  circuit  is  open,  the  p.d.  due  to  the  series  machine  is  nought, 
but  the  shunt  machine  is  generating  its  maximum  p.d.  As  the 
load  on  the  external  circuit  is  increased,  the  p.d,  due  to  the 
shunt  machine  falls,  but  that  due  to  the  series  increases  and  keeps 
the  e.m.f.  in  the  external  circuit  constant.  When  the  load  is  a 
maximum,  and  the  e.m.f.  due  to  the  shunt  machine  falls  to  zero, 
the  series  machine  would  be  generating  its  maximum  p.d.  The 
two  machines  so  connected  would  require  to  be  designed  with  this 
in  view,  but  at  best  it  would  be  a  very  expensive  and  inefficient 
arrangement,  for  we  should  be  using  two  machines  to  supply  a 
load  which  could  be  done  by  one  of  them  apart  from  pressure 
regulation. 

The  same  principle  can,  however,  be  applied  to  one  machine, 
and  we  then  obtain  what  is  known  as  the  compound  wound 
machine,  a  diagrammatic  view  of  which  is  given  in  Fig.  167.  Such 
a  machine  is  designed  as  a  slightly  under-saturated  shunt  machine, 
so  that  on  open  circuit  we  get  the  required  p.d.  as  an  ordinary 
shunt  dynamo.  Now  as  the  load  comes  on,  the  armature  re- 
action, and  volts  lost  in  armature  cause  the  p.d.  to  fall,  but  the 
current  which  so  affects  the  voltage  is  now  ted  round  the  field 
m^nets  a  certain  number  of  times  and  increases  the  magne- 
tisation through  the  armature  to  an  extent  depending  on  the 
load,  and  so  the  e.m.f.  is  maintained  constant.  We  could  just  as 
easily  arrange  for  the  e.m.f.  to  increase  with  increasing  load  and 
so  allow  for  volts  fall  on  the  mains,  thus  maintaining  a  constant 
pressure  at  the  feeding  point  though  it  be  some  distance  from  the 
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machine.  This  would  be  done  by  winding  on  a  few  more  series 
turns  than  are  required  for  maintaining  the  terminal  p.d.  constant 
This  is  known  as  over-compounding  the  machine. 

We  have  in  this  way  combined  the  two  machines,  and  we  now 
have  a  self-regulating  machine  perfectly  automatic  in  its  action,  and 
its  characteristic  carve  can  be  made  either  a  horizontal  line  or  a 
steadily  rising  one  as  shown  in  Fig.  i68. 

Consider  the  armature  when  canning  a  current,  which  we  shall 
imagine  to  be  supplied  from  some  external  source,  while  the  field 
magnets  are  left  unexcited.  We  notice  that  the  conductors  on 
each  side  carry  currents  in  the  same  direction,  while  the  conductors 


\  \ 

Fig.  167. 


CurrwAiH  ExtirtttI  Circuit. 
T^.  168. 


on  one  side  carry  currents  in  the  opposite  direction  to  those  on 
the  other  side.  The  armature  as  a  whole  is  therefore  producing  a 
cross  magnetisation  or  a  magnetic  field  across  that  which  is  estab- 
lished by  the  field  magnet  (see  Fig.  169),  Now  seeing  that  we 
cannot  have  two  magnetic  fields  in  the  same  place  at  the  same 
time,  the  result  is  that  we  get  a  field  across  the  armature  which  is 
a  resultant  of  the  armature  and  field  magnet  fields.  The  armature 
field  at  both  top  and  bottom  strengthens  at  one  side  and  weakens 
at  the  other,  the  field  due  to  the  magnets  with  a  consequent  distor- 
tion, and  when  the  machine  is  running  fully  loaded,  the  coils  do 
not  reverse  in  e.m.f.  at  points  directly  top  and  bottom,  but  at 
points  further  round  in  the  direction  of  rotation,  due  to  th's  dis- 
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tortion  of  the  field  by  the  armature  currents  (see  Fig.  170).  The 
brushes  have  therefore  to  be  moved  round  to  this  point  or  just  a 
little  beyond  it,  otherwise  there  will  be  sparking  at  the  contact  of 
commutator  and  brushes,  which  has  a  very  detrimental  effect. 
This  movement  of  the  brushes,  which  depends  on  the  load  (there 
being  no  distortion  of  the  field  on  open  circuit)  is  known  as  the 
angle  of  lead,  and  necessitates  the  brushes  being  provided  with  an 
adjustable  swinging  support  called  the  rocker. 

Suppose  the  armature  to  be  divided  up  into  60  coils  connected 
to  a  60  part  commutator  in  the  manner  shown  in  Fig.  155.  The 
brushes  will  short  circuit  at  least  one  of  these  coils,  and  in  some 


Fig.  lej). 

cases  two  together,  as  they  pass  from  one  side  to  the  other.  The 
short  circuit  on  any  one  coil  lasts  but  a  short  time,  for  if  the 
armature  be  running  at  say  10  revolutions  per  second,  then  one 
coil  forming  only  -^^  of  the  whole  will  be  short  circuited  for  some- 
thing like  t^  of  a  second  twice  in  each  revolution. 

Now  up  to  the  moment  of  its  being  short  circuited  by  the  brush 
the  coil  has  been  carrying  a  current  equal  to  half  the  total  current 
flowing  in  the  external  circuit,  and  in  the  ^^  part  of  a  second 
this  current  has  to  be  stopped,  the  e.m.f.  in  the  short  circuited 
coil  reversed,  and  a  current  equal  to  half  the  external  current,  but 
in  the  reverse  direction,  started  in  it ;  and  if  this  be  done  before 
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the  short  circuit  is  broken  the  coil  will  break  away  from  the  brush 
without  any  sparking,  but  not  otherwise.  The  only  way  to  accom- 
plish this  is  to  give  the  brushes  a  further  angSe  of  lead,  so  that  the 
coil  when  on  the  point  of  being  short  circuited  by  the  brush  is 
cutting  through  the  field  in  the  reverse  direction,  so  that  this  par- 
ticular coil  is  developing  an  e.m.f.  contrary  in  direction  to  that 
which  is  urging  the  current  through  it.  This  reverse  e.m.f.  on 
short  circuit  very  rapidly  stops  the  current  flowing  against  it  and 
starts  another  in  the  opposite  direction.  If  the  current  in  the 
short-circuited  coil  has  not  reversed  on  the  short  circuit  being 


Fig.  170. 

broken,  the  current  in  it  will  be  opposing  the  current  in  the  other 
coils  on  the  side  to  which  it  has  now  been  connected,  and  the  two 
will  both  tend  to  arc  across  from  the  receding  commutator  bar  to 
the  brush  as  shown  by  the  arrows  in  Fig.  171. 

Mr  Mayor  states  that  for  good  commutation  the  number  of 
ampere  conductors  or  ampere  bats  per  pole  on  the  armature  should 
not  exceed  10,000  per  centimetre  length  of  the  air-gap,  while 
Mr  Esson  gives  the  rule — 


Total  ampere  bars  on  armature  = 


8/H 
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for  sparkless  commutation,  where  /=  length  of  air^p  in  centi- 
metre, H^Iines  per  square  centimetre  in  the  air-gap,  and  ^=lhe 
angle  between  the  pole  horns  and  the  centre  of  armature  in 
degrees. 

This  angle  of  lead  gives  rise  to  another  effect,  for  now  a  certain 
number  of  conductors  are  carrying  currents  in  such  a  direction  as 
to  produce  a  back  magnetisation  or  a  magnetisation  directly 
opposed  to  that  of  the  field  magnet.  This  has  the  effect  of 
weakening  the  field,  wiih  a  consequent  fall  in  the  terminal  p.d., 
unless  the  machine  be  compounded  to  make  up  for  the  drop  in 
volts.  The  conductors  inside  the  pole  faces  can  be  considered  as 
producing  a  cross  mi^netisation,  while  the  remainder,  »>.,  those 
between  the  homs,  are  carrying  currents  in  such  a  direction  as  to 


produce  a  back  magnetisation.  Suppose  this  number  of  conductors 
be  30,  and  the  current  in  the  external  circuit  be  i  oo  amperes,  then 
as  each  conductor  on  the  armature  carries  only  half  the  external 
current,  we  have  20  conductors  on  the  armature  <:arrying  50 
amperes,  which  are  giving  us  a  back  magnetisation  of  10  x  50  =  500 
ampere  turns,  for  it  requires  2  conductors  to  make  one  turn,  and 
to  counteract  this,  if  100  amperes  be  the  full  load  current,  we  muit 
provide  an  additional  600  ampere  turns  in  the  series  coil ;  that  is 
to  say,  we  must  wind  on  six  additional  series  turns,  so  that  with 
the  full  load  current  of  100  amperes  we  get  an  extra  magnetisation 
due  to  100x6  =  600  additional  ampere  turns,  which  allows  for 
back  magnetisation. 

It  is  evident  that  if  the  field  magnet  was  magnetised  to  a  high 
degree,  or  stiffened,  the  pole  tips  will  be  highly  saturated,  and  the 
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distorting  effect  of  the  armature  current  will  be  considerably  less 
owing  to  the  high  reluctance  introduced  into  the  circuit,  and  the 
necessity  for  adjusting  the  position  of  the  brushes  for  changes  in 
the  load  will  be  decidedly  less.  In  most  modem  dynamos  this 
is  done  to  a  great  extent,  and  we  find  that  in  many  machines  there 
is  no  sparkirg  at  the  brushes  within  ordinary  variations  of  load, 
and  in  many  cases  even  on  a  large  overload  though  the  brushes  be 
fixed  in  |>osition. 


Devices  have  been  tried  for  preventing  armature  reaction, 
many  with  a  certain  amount  of  success.  In  every  case  the  method 
adopted  is  to  put  a  large  reluctance  in  the  armature  cross  mag- 
netisation circuit  without  affecting  the  main  or  field  magnet  reluc- 
tance. To  effect  this  in  one  case  a  deep  cut  is  put  in  the  field 
magnet  pole  pieces,  parallel  with  the  lines  of  force,  as  shonn  in 
Fig.  172,  This  does  not  appreciably  affect  the  magnetisation  of 
the  field  magnet,  but  considerably  increases  the  length  of  the  lines 
due  to  cross  magnetisation. 
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In  another  case  the  field  magnets  are  bored  to  a  larger  diameter, 
then  when  fixed,  so  as  to  give  a  small  air-gap  at  the  centre,  the  air- 
gap  at  the  pole  tips  is  considerably  larger,  and  the  reluctance  at 
these  parts  is  also  greater  (see  Fig.  1 73). 

Still  another  method  is  that  shown  in  Fig.  174,  where  the  pole 
tips  are  made  of  cast-iron.  Owing  to  their  smaller  permeability, 
the  cast-iron  tips  become  highly  saturated,  and  therefore  the 
reluctance  at  this  part  is  considerably  increased. 

In  the  large  multipolar  machines  made  for  the  Blaclcpool 
Electric  Railways  the  pole  pieces  are  connected  all  round  by  a 


Fig.  174- 

thin  prolongation,  bored  out  at  the  centre,  as  shown  at  Fig.  175. 
These  polar  shoes  become  highly  saturated,  being  so  thin,  and  so 
put  a  lai^e  reluctance  in  the  cross  magnetisation  circuit  These 
have  been  found  to  give  very  good  results. 

But  where  very  strong  fields  are  employed  the  polar  tips 
become  highly  saturated,  even  without  any  of  the  special  devices 
just  described,  and  this  is  often  quite  sufficient  to  prevent  any 
large  amount  of  armature  reaction,  consequently  it  is  becoming 
more  and  more  rare  to  find  machines  that  require  adjustment  of 
the  brushes  with  varying  loads.    In  fact  many  machines  can  now 
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be  run  from  no  load  to  50  per  cent  overload  without  any  sparking 
worth  mentioning,  especially  where  carbon  brushes  are  employed 
and  the  ampere  turns  per  commutator  bar  are  smalL 

With  slotted  armatures  the  field  at  the  pole  tips  suddenly 
jumps  or  snaps  across  from  one  tooth  to  the  next,  and  tends  to  be 
carried  down  across  the  polar  tip  by  the  tooth  for  a  short  distance 
before  it  snaps  across  to  the  next  tooth.  This  prevents  a  steady 
growth  of  the  reverse  e.m.f.  in  the  short-circuited  coil  under  the 
brush,  which  therefore  makes  good  commutation  more  difficult. 
It  also  causes  eddy  currents  to  be  induced  in  the  pole  tips  owing 
to  the  swinging  of  the  field  at  these  points.  In  smooth  core 
machines  there  is  none  of  this  effect,  and  to  approximate  to  the 


tig- 175- 


Fig.  176. 


smooth  core  the  slots  are  often  made  as  shown  in  Fig.  176,  space 
being  allowed  for  the  insertion  of  one  wire  only  at  a  time.  This 
necessitates  the  armature  being  wound  by  hand,  whereas  with  the 
larger  multipolar  machines  the  armature  coils  are  often  wound  on 
formers  and  dropped  into  position  on  the  armature. 

Some  makers  cut  the  pole  tips  aslant  so  that  one  end  overlaps 
the  armature  more  than  the  other.  This  causes  the  field  to  more 
gradually  jump  across  a  coil  at  this  part ;  the  coil  as  it  were  shears 
through  the  field  instead  of  snapping  across  it,  with  a  correspond 
ingly  slower  rise  in  the  e-m.f.  of  the  short-circuited  coil. 

Other  makers  effect  the  same  result  by  keeping  the  pole  tips- 
straight  but  staggering  the  armature  slots ;  the  staggering  in  this 
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case  should  not  he  greater  than  the  distance  belween  one  slot  and 
the  next. 

When  the  machine  is  unloaded,  the  engine  driving  it  is  doing 
very  little  work,  simply  overcoming  the  friction  of  the  bearings  and 
the  air,  and  malting  up  for  the  hysteresis  losses  in  the  armature 
{see  Chapter  VI.),  The  engine  is  consequently  consuming  very 
little  steam,  and  if  nicely  governed  only  enough  steam  passes  to 
run  the  dynamo  at  its  normal  speed.  The  moment  we  switch  on 
to  the  external  circuit  and  take  a  current,  the  governor  falls,  and 


I'B-  »77- 


more  steam  is  admitted  to  keep  up  ttie  speed,  and  at  full  load  the 
engine  is  working  at  its  maximum  rate.  How  is  this  power 
absorbed  or  transformed  by  the  dynamo?  We  can  study  this 
best  by  considering  one  conductor  only.  Fig.  177  shows  one 
conductor  on  the  armature  {distorted  so  as  to  make  the  point 
clear)  carrying  a  current.  It  therefore  creates  a  magnetic  field  which 
is  slightly  distorted  from  the  circular  shape  due  to  the  iron  of  the 
armature  and  field  magnet.  The  point  to  be  noticed  is  that  the 
magnetic  field  above  the  conductor  due  to  the  current  in  it  is 
opposite  in  direction  to  that  below  it,  as  shown  by  the  arrows.     If 
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now  the  field  m^net  be  excited,  we  have  a  further  distortion,  for 
the  field  due  to  the  current  in  the  cdnductor  and  that  due  to  the 
Aetd  magnet  add  together  at  one  part  and  subtiBrt  at  another  part ; 
that  is  to  say,  the  field  due  to  the  current  in  the  conductor  is 
strengthening  the  field  of  the  field  magnet  at  one  part  and 
weakening  it  at  another  part,  and  we  get  a  crowding  of  the 
lines  at  the  part  where  the  two  fields  are  adding  their  effects 
and  a  thinning  out  where  they  suhtract,  as  shown  in  Fig.  178. 

The  power  developed  in  the  engine  is  spent  in  drawing  the 
current-carrying  conductors  in  this  way  through  the  magnetic  field, 
for  the  lines  of  force  would  of  themselves  urge  such  a  conductor 
in  the  opposite  direction,  and  if  with  the  same  direction  of  field 
we  sent  the  same  current  through  the  armature  conductors  from 
some  external  source,  we  should  get  the  armature  rotating  in  the 
opposite  direction  as  a  motor.  This  action  takes  place  with  every 
conductor  in  the  field,  and  to  keep  the  current  flowing  we  must 
continue  to  drag  the  conductors  through  the  field,  overcoming 
their  tendency  to  go  in  the  opposite  direction. 

We  saw  in  Chapter  V.  that  when  current-carrying  conductors 
are  in  a  magnetic  field  they  exert  a  force  urging  them  at  right 
angles  to  the  field  equal  to  hc/,  where  h  is  the  intensity  of  the 
field,  c  the  current  in  absolute  units,  and  /  the  length  of  the  con- 
ductor in  centimetres.  Suppose  in  any  given  case  the  intensity 
of  the  field  in  the  air  gap=  rsooo,  and  each  conductor  carries  a 
current  of  50  amperes  or  5  absolute  units,  while  the  length  of  the 
conductor  in  the  field »  50  cm.,  then  each  conductor  experiences 
aforceof  12000x5  xsoxjoooooo  dynes.  And  if  there  besay 
150  conductors  in  this  field  (considering  only  those  within  the 
polar  faces),  the  force  in  dynes  exerted  by  the  armature  con- 
ductors tending  to  drive  them  in  the  opposite  direction  to  that 
due  to  the  action  of  the  engine  is  — 450000000  dynes,  or  1012  lbs. 
And  if  the  armature  be  say  ra  in.  diameter,  and  running  at  600 
revolutions  per  minute,  then  in  each  revolution  the  conductors  are 
dragged  through  3.14  ft.,  and  in  one  minute  the  force  of  roia  lbs. 
is  exerted  through  t884  ft,  and  the  work  done=»ioia  x  1884=- 
190660S  foot-pounds  per  minute,  and  this  is  equivalent  (o  working 

at  the  rate  of -^ =57-7  h.p.     The  engine  must  therefore 

33000 
provide  in  this  supposed  case  57.7  h.p.  In  simply  dragging  the 
c'vtrent' carrying  conductors  through  the  field  against  no  mechanical 
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restraint  whatsoever,  and  we  therefore  see  where  the  power  de- 
veloped in  the  engine  is  going.  Of  course  the  engine  must  pro- 
vide also  for  the  power  required  to  overcome  the  mechanical 
frictions  and  hysteresis  losses,  but  in  well-designed  machines  these 
will  be  small. 

It  may  be  noticed  in  passing  that  a  very  simple  rule  connecting 
together  the  direction  of  the  field,  the  direction  of  motion,  and  the 
direction  of  current,  is  given  by  means  of  the  outstretched  hand 
The  thumb  normally  stands  at  right  angles  to  the  first  finger  when 
outstretched,  and  if  now  the  other  three  fingers  are  bent  inwards, 
leaving  the  thumb  and  the  first  finger  in  their  original  position, 
we  have  three  directions  indicated,  any  one  of  which  is  at  right 
angles  to  the  plane  containing  the  other  two.  Let  the  first  finger 
point  in  the  direction  of  the  field  (from  n  to  s),  the  thumb  in 
the  direction  of  motion  of  the  conductor  in  the  field,  the  three 
fingers  then  point  in  the  direction  in  which  the  current  flows  in 
the  conductor,  or  the  direction  of  the  induced  e.m.f.  if  the  circuit 
is  incomplete. 

If  the  machine  be  a  motor,  and  the  direction  of  the  field  and 
the  current  be  the  same  as  that  in  Fig.  178,  then  the  conductors 
will  move  in  the  opposite  direction  to  that  which  is  required  for 
generating  the  same  direction  current  in  a  dynamo.  But  it  will  be 
noticed  that  this  reverse  direction  is  indicated  if  we  use  the  left 
hand  instead  of  the  right,  and  therefore  for  the  dynamo  we  have 
the  r^ht  hand  rule,  while  for  a  motor  we  have  the  Jef^  hand  rule. 

The  split  ring  commutator  described  earlier,  is  of  course  in- 
admissible, except  for  very  small  machines,  for  with  the  larger 
currents  required  in  practice  the  commutator  parts  would  get 
very  hot  owing  to  the  high  current  density  in  them.  They  must 
therefore  be  made  in  a  much  more  massive  and  substantial 
manner.  Fig.  179  shows  half  section,  half  elevalion  of  a  com- 
mutator, which  is  built  up  separately  on  a  cast-iron  sleeve  and 
keyed  on  to  the  shaft  at  one  end  of  the  armature  after  the  latter 
is  wound.  In  practice  the  armature  is  wound  with  separate  coils, 
the  ends  of  each  projecting,  and  these  are  connected  in  series  by 
the  commutator  segment  being  soldered  to  the  end  of  one  and 
the  beginning  of  the  next. 

The  commutator  sleeve  on  which  the  whole  is  mounted  has 
a  coned  head  turned  on  the  inside  as  seen  in  the  section,  and 
inside  this  a  mica  cone  is  built  up  by  fixing  together  very  thin 


i^iCooc^lc 


ago  ELECTRICAL  ENGINEERING. 


TDU 


D,g,t,.,.d.i.  Google 


THE  CONTINUOUS  CURRENT  DYNAMO.     291 

strips  of  mica  cut  to  shape,  with  shellac  varnish,  pressing  each 
strip  down  firmly  till  the  shellac  has  dried.  This  is  facilitated  by 
keeping  the  cast-iron  sleeve  warm.  A  similar  mica  cone  is  built 
Up  in  a  coned  washer  which  slips  over  the  sleeve  at  the  other  end 
of  the  commutator,  and  the  segments  are  turned  at  both  ends  to 
the  same  taper  as  Che  mica  cones,  and  are  supported  by  them. 
Each  segment  or  bar  of  the  commutator  has  to  be  insulated  from  its 
neighbour,  and  the  insulation  universally  employed  for  this  purpose 
is  mica.  The  e.m.f.  between  any  one  bar  and  the  next  is  only 
that  created  by  one  coil  of  the  armature ;  that  is  to  say,  if  a  sixty- 
part  commutator  be  employed,  and  therefore  sixty  coils  on  the 
armature,  each  side  of  the  armature,  or  thirty  coils,  will  develop 
the  full  e.m.f.  of  the  machine,  and  one  coil  will  develop  ^  of  the 
total  e.m.f.,  supposing  all  coils  to  be  moving  in  the  same  strength 
field.  But  we  know  that  a  coil  generates  its  maximum  e.m.f. 
when  midway  between  the  brushes,  consequently  it  is  this  maximum 
e.m.r.  that  we  must  provide  insulation  for,  which  will  be  more  like 
^'(r  of  the  total  in  the  above  case.  Even  so,  the  e.m.f.  between 
any  two  bars  connected  to  a  coil  developing  its  maximum  e.m.f. 
is  much  smaller  than  that  at  the  terminals,  and  therefore  the 
thickness  of  insulation  between  the  segments  need  not  be  great, 
from  ^  to  -^  in.  being  commonly  employed.  Owing  to  the 
liability  of  sparking  at  the  brushes,  mica  is  the  enly  serviceable 
material  that  can  be  used,  for  ebonite,  vulcanised  fibr^  and 
such  substances  would  carbonise  and  become  conducting,  while 
glass,  porcelain,  &c,  are  far  too  brittle  to  withstand  the  pressure 
imposed  on  the  commutator.  Other  very  good  insulators,  such 
as  parafGn  wax,  are  of  course  out  of  the  question  altogether. 

The  commutator  bars  are  made  of  copper  or  gun-metal  castings  or 
of  hard  drawn  copper,  which  is  sawn  up  into  the  required  lengths,  the 
length  depending  on  the  maximum  current  taken  from  the  machine, 
for  whatever  this  be,  we  cannot  allow  more  than  a  certain  current 
density  in  the  contact  between  the  brushes  and  commutator 
segments  (about  250  amperes  per  square  inch),  and  the  larger  the 
current,  the  more  numerous  must  be  the  brushes  to  collect  it  from 
the  commutator.  These  bars  are  cast  or  drawn  taper  in  section, 
as  shown  in  the  end  half  section  in  Fig.  179,  and  are  machined  or 
filed  down  to  a  gauge  set  to  indicate  the  required  taper,  so  that  a 
given  number  of  bars,  when  put  together  with  the  mica  insulation 
between  each,  will  form  a  tight  compact  circle  (Fig.  180}.    This 
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is  very  essential,  for  if  a  bar  or  bars  be  loose,  the  connections 
viU  sooner  or  later  break  off  with  the  vibration ;  there  will  also 
■  be  sparking  at  the  brushes,  and  bits  of  copper  and  dust  from  both 
brushes  and  commutator  will  find  a  way  in  and  eventually  short 
circuit  the  coU. 

The  mica  strips  are  now  gauged  and  thinned  down  by  stripping 
a  little  off,  or  built  up  by  shellacing  thin  strips  together  as  the  case 
may  require,  and  the  bars  are  then  arranged  round  a  mandrel  with 


Fig.  iSi. 

the  mica  between  each  and  bolted  together  with  two  strong  clamps. 
It  should  then  be  impossible  to  get  the  thin  edge  of  a  knife-blade 
in  between  any  segments,  and  if  this  is  possible,  the  whole  must 
be  taken  apart  and  a  very  thin  strip  of  mica  added  with  shellac 
varnish  and  built  up  once  more.  This  is  then  put  into  the  lathe 
and  turned  at  the  ends  to  fit  the  mica  cones. 

If  the  bars  are  cast,  a  lug  or  connector  is  cast  on  the  end  of 
each  so  as  to  facilitate  connecting  the  armature  winding.  If  made 
from  drawn  copper  bars,  a  separate  connector  must  be  fixed  to 
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each  bar  by  one  of  the  various  methods  adopted,  some  of  which 
are  shown  in  Figs.  181-183,  ^"<i  need  no  further  explanation  than 
to  state  that  in  every  case  they  should  be  mechanically  fixed  as 
welt  as  soldered,  by  pins  or  dovetailing,  this  being  done  before  the 
commutator  is  built  up. 

When  turned,  it  is  placed  on  the  cone  in  the  head  of  the  cast- 
iron  sleeve,  and  the  second  mica  cone  placed  over  the  other  end, 
then  the  coned  washer  slipped  on.  The  whole  is  finnly  clamped 
together  by  a  nut  or  nuts  screwed  on  the  end  of  the  sleeve,  and 
the  commutator  is  then  built  up  ready  to  be  fixed  in  place  on  the 
shaft.  When  so  fixed,  a  fine  cut  is  taken  from  the  surface  in  the 
lathe  to  malce  it  quite  true. 


'm 


The  shafts  of  all  such  machines  are  made  thicker  than  would 
be  considered  necessary  for  any  other  machine,  for  not  only  is  the 
speed  usually  fairly  high  for  the  weight,  but  the  amount  of  deflec- 
tion or  bending  allowable  is  practically  nil,  there  being  usually 
such  a  small  clearance  between  armature  and  pole  pieces.  Again 
the  whole  of  the  power  dei-eloped  by  the  engine  has  to  be  trans- 
mitted through  the  shaft  from  the  pulley  to  the  armature  conductors, 
and  consequently  the  twisting  effect  on  the  shaft  is  often  very  large. 
The  armature  core,  however,  forms  very  good  stiffening  to  the 
shaft,  just  at  the  point  where  it  is  most  required,  and  this  etfect  is 
greater  with  the  drum  than  the  ring  armature,  and  can  be  taken 
into  account  in  designing  the  shaft. 

The  bearings  also  require  special  attention.    Seeing  that  very 
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little  or  no  wear  can  he  allowed  owing  to  the  small  clearance,  they 
are  often  made  of  the  solid  type,  and  where  split  bearings  are  used, 
it  is  simply  to  facilitate  the  inserting  or  removal  of  the  annature. 
The  weight  being  great,  and  the  speed  high,  the  length  of  the 
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bearings  should  not  be  less  than  four  times  the  diameter  of  the 
journal  (that  part  of  the  shaft  which  rests  in  the  bearing),  and  the 
lubrication  should  be  continuous  and  automatic  in  its  action.  In 
the  larger  machines  the  oil  is  often  forced  through  by  a  small  pump 
worked  from  the  end  of  the  dynamo  shaft,  and  so  while  running, 
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a  perfect  circulation  of  the  oil  is  assured.  In  the  smaller  sizes  the 
pedestal  is  often  made  into  an  oil  tank  {g,  Fig.  184),  and  the 
brasses  being  cut  through  at  the  upper  surface  at  one  or  two 
points,  a  ring,  or  endless  chain,  is  shpped  over  them,  and  as  the 
shaft  rotates,  it  carries  round  the  ring  or  chain,  the  lower  end 
of  which  dips  into  the  oil  well,  and  SO  the  oil  is  carried  Up  by  it 
to  the  shaft  continuously  (a,  Fig.  184). 

The  brasses  are  very  often  lined  with  white  metal,  and  when 
worn,  can  be  easily  renewed  by  melting  out  the  old  and  running 
in  a  new  lining,  the  armature  being  supported  temporarily  in  the 
centre  during  the  process.  Hoods  are  often  provided  at  the  ends 
of  the  bearings,  and  a  small  ring  fixed  on  the  shaft  inside  the  hood 
throws  off  any  oil  which  tends  to  creep  along  the  shaft,  and  so  pre- 
vents it  getting  to  the  commutator.  A  section  of  such  a  bearing  is 
shown  in  Fig.  184. 

The  field  magnet  coils  are  usually  wound  on  frames  or  bobbins 
made  by  connecting  together  two  brass  or  gun-metal  end-plates 
by  a  sheet-iron  strip,  the  ends  of  the  coil  being  brought  through 
the  end-plates  in  insulating  bushes  to  terminal  boxes,  where  they 
are  connected  in  series  as  required. 

There  is  practically  no  difference  in  designing  the  bed-plates  of 
dynamos  to  that  of  any  other  machine,  due  allowance  being  made 
for  the  weight,  speed,  and  position  of  the  moving  part  They 
are  almost  universally  made  of  the  inverted  box  pattern  (Fig.  1S6), 
which  gives  a  maximum  of  strength  and  stiffness  with  a  minimum 
of  material.  The  bed-plate  has  to  be  designed  to  suit  the  type  of 
dynamo,  there  being  two  distinct  types  of  bipolar  machines,  the 
overtype  and  the  undertype.  In  the  former,  the  armature  and 
field  magnet  are  turned  upside  down  with  respect  to  their  positions 
shown  in  Fig.  158,  so  that  the  yoke  is  on  or  in  the  bed-plate,  for 
in  this  pattern  the  yoke  is  very  often  made  of  cast  iron,  and  is 
cast  in  one  piece  with  the  bed-plate,  being  made  larger  in  section 
to  make  up  for  its  lower  permeability,  the  field  magnet  limbs 
being  bolted  on  at  their  lower  ends.  The  cast  bed-plate  yoke 
necessitates  a  further  stiffening  of  the  bed-plate,  for  there  is  such 
a  great  inequality  in  the  distribution  of  the  metal.  When  cast, 
the  bed-plate  proper  will  have  solidified  while  the  mass  of  melal 
forming  the  yoke  is  still  fluid.  When  this  solidifies  later,  it  con- 
tracts, and  in  so  doing  tends  to  break  away  from  the  thinner 
portions. 
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The  overtype  machine  is  only  employed  for  the  smaller  sizes, 
for  vibration  is  much  greater  owing  to  the  length  of  the  pedestals 

required,  and  with  the  larger  machines  this  method  is  practically 
impossible.  But  with  the  undertype  machine  it  is  essential  to 
support  the  field  magnets  on  some  non-magnetic  material,  or  mag- 
netic insulators  as  they  are  sometimes  called,  for  if  they  be  bolted 
direct  on  to  the  bed-plate,  we  should  have  a  very  large  portion  of 
the  field  passing  round  the  bed-plate  instead  of  through  the  arma- 
ture.    The  field  magnets  are  therefore  supported  by  massive  brass, 


zinc,  or  gun-metal  brackets,  so  as  to  stand  3  to  6  in.  clear  of  the 
bed-plate,  and  even  when  so  supported  we  still  get  a  fairly  large 
leakage  field  through  the  bed-plate  (see  Figs.  185  and  186),  which 
is  entirely  avoided  in  the  overtype,  but  the  far  superior  mechanical 
arrangement  of  the  undertype  for  any  but  small  sizes  altogether 
outweighs  the  extra  loss  due  to  magnetic  leakage. 

Consideration  of  the  larger  unit  muhipolar  machines  must  be 
left  for  the  next  year's  course. 

The  current  develop^'d  in  the  armature  has  to  be  collected  by 
brushes  pressing  on  the  commutator  segments.    These  are  made 
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either  of  copper  or  carbon,  the  brush  holders  being  designed  to 
suit  Arrangements  must  be  made  for  feeding  the  brushes  for- 
ward as  they  wear,  and  to  allow  any  brush  to  be  raised,  and  held 
off,  while  the  machine  is  running.  Carbon  brushes  offer  more 
resistance  than  copper,  not  only  in  the  specific  resistance  of  the 
substance,  but  also,  and  more  particularly,  in  the  contact  resistance^ 
This  extra  resistance,  though  it  makes  a  very  great  difference  in 
the  resistance  of  the  circuit  formed  by  the  coil  which  is  short 


Figs.  187  and  1S8. 


circuited  by  the  brush,  does  not  appreciably  affect  the  resistance 
of  the  whole  circuit,  and  it  often  has  a  very  beneficial  effect  on 
the  sparkless  commulatjng  properties  of  the  machine.  Consider 
Fig.  187.  The  current  is  here  flowing  out  by  the  carbon  brush, 
and  the  coil  b  becoming  short  circuited  by  the  brush,  has  a  rela- 
tively high  resistance  put  into  its  circuit  which  soon  reduces  its 
current  to  zero.  The  current  from  coil  a  now  divides  at  the 
brush,  the  la^er  portion  going  through  the  brush  direct,  and  a 
small  portion  passing  round  coil  b  to  the  brush,  for  the  brush  and 


i^iCooc^lc 


298 


ELECTRICAL  ENGINEERING. 


coil  B  are  in  parallel.  As  the  coil  moves  further  round  more  of 
the  brush  conies  into  contact  with  segment  3,  and  less  with  seg- 
ment a,  till  finally  it  is  only  just  in  contact  with  segment  2  (Fig. 
188).  As  this  proceeds  the  resistance  from  i  to  3  across  the 
brush  is  steadily  increasing,  and  consequently  a  larger  and  larger 
fraction  of  the  current  in  a  passes  through  b  to  the  brush,  till 
finally  as  the  brush  breaks  away  from  a,  there  is  little  or  no  current 
flowing  in  that  segment,  and  consequently  we  get  no  spark  at  the 
break.  This  enables  the  machine  to  be  run  with  fixed  brushes 
with  large  variations  in  the  load,  ofien  from  zero  to  full  load,  and 
the  substitution  of  carbon  for  copper  brushes  has  often  prevented 
sparking  in  machines  that  before  gave  trouble  in  this  respect 


Fig-  189. 

There  is  one  disadvantage,  however,  in  using  carbon  brushes :  we 
cannot  allow  so  large  a  current  density  in  the  brush  contact,  other- 
wise they  would  get  exceedingly  hot.  The  maximum  allowable 
current  density  found  in  practice  is  50  amperes  per  square  inch 
against  250  amperes  wiih  copper  brushes,  therefore  for  any  given 
current  the  commutator  must  be  longer,  and  this  means  also  a 
longer  shaft  and  bed-plate,  and  therefore  a  more  expensive 
machine. 

The  brush  holders  should  be  designed  to  feed  with  a  parallel 
motion,  not  a  circular  one,  as  was  common  with  the  earlier 
machines,  for  as  the  brushes  wear,  we  require  them  to  preserve 
their  position  on  the  commutator.  A  simple  form  of  brush  holder 
used  by  Messrs  Holmes  &  Co.  of  Newcastle  is  shown  in  Fig.  189. 
The  pressure  of  the  brush  on  the  commutator  can  be  regulated 
by  the  spring  s,  the  tension  of  which  can  be  adjusted  by  turning 
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the  milled  head  attached  to  the  threaded  brass  tube.  The  small 
tri^er  on  the  right  enables  the  brushes  to  be  held  off  for  trimming 
or  resetting.  The  holder  is  firmly  clam|>ed  to  its  spindle,  which 
is  long  enough  to  take  2,  3,  4,  &c.,  brush  holders  side  by  side, 
depending  on  the  current  to  be  collected. 

The  spindle  is  fixed  to  a  movable  arm  which  is  free  to  rotate 
through  a  small  angle,  and  is  insulated  from  it  by  ebonite  or  vul- 
canised fibre  bushes  and  washers.  The  rocking  arm  or  lever 
extends  at  both  sides  of  the  shaft,  and  carries  a  brush  spindle  on 


both  sides.  The  rocker  is  supported  in  a  groove  turned  on  the 
end  of  the  bearing  (see/,  Fig.  184),  and  is  fixed  In  any  desired 
position  by  a  clamping  screw. 

We  are  now  in  a  position  to  understand  why  it  is  that  a  shunt 
wound  dynamo  is  the  only  machine  that  will  do  for  charging 
accumulators,  as  mentioned  in  Chapter  VIII.,  and  also  why  special 
precautions  have  to  be  taken  in  connecting  two  or  more  series  or 
compound  wound  machines  in  parallel.  Suppose  we  have  a  shunt 
machine  working,  and  supplying  a  load  to  some  premises.  At  a 
certain  point  as  the  load  increases  it  becomes  necessary  to  connect 
another  machine  in  parallel  with  it  to  help  with  the  load.  The 
only  precaution  necessary  in  this  case  is  to  ran  up  the  second 
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macliine  till  it  is  giving  exactly  the  same  e.m.f.  as  the  loaded  one 
before  switching  it  in.  No  current  then  flows  either  one  way  or 
the  other  through  the  machine  just  put  in,  and  the  engine  valve 
being  now  turned  full  on,  and  the  excitation  being  increased  by 
adjusting  the  field  resistance,  the  e.m.r.  of  the  last  machine  rises 
till  it  takes  its  share  of  the  load,  and  the  two  run  together  without 
any  further  trouble.  Should  one  machine  tend  to  slow  down  for 
any  reason,  its  e.m.f.  falls,  and  its  load  is  decreased,  tending  to 
bring  up  the  speed  again,  and  in  an  extreme  case  the  load  may  go 


alt<^ethet  and  a  current  from  the  second  machine  be  sent  round 
it  This  drives  it  as  a  motor  at  practically  its  normal  speed,  and 
so  develops  a  back  e.m.f.  in  it  neariy  equal  to  its  normal  e.m.f., 
which  prevents  any  but  a  small  current  flowing  round  it  from  the 
second  machine.  The  connections  for  this  arrangement  are 
shown  in  Fig.  190. 

If  two  series  machines  are  to  be  run  in  parallel,  we  have  to 
guard  against  what  may  be  a  disastrous  effect.  Suppose  we  have 
the  two  machines  coupled  in  parallel  in  the  ordinary  way,  as  shown 
diagrammatically  in  Fig.  191,  and  the  governor  of  one  engine 
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failed  to  act  for  a  short  time,  or  anything  should  happen  to  cause 
one  machine  to  develop  a  slighdy  lower  e.m.f.  than  the  other,  a 
current  will  flow  in  the  opposite  direction  through  it  from  the 
machine  with  the  h^her  e.m.f.  This  will  run  it  as  a  motor,  but  in 
so  doing  it  will  reverse  the  polarity  of  the  field  magnet.  Now,  when 
the  engine  starts  driving  at  its  normal  speed  once  more,  the 
machine  again  develops  an  e.ntf,  but  it  is  now  in  the  reverse 
direction  owing  to  its  polarity  having  been  reversed,  and  conse- 


quently the  two  machines  are  in  series  instead  of  in  parallel,  and 
the  e.m.f.  being  doubled,  while  the  resistance  of  the  circuit  is  very 
small,  a  very  large  current  flows  round  both  machines  till  tbey  are 
burnt  out. 

Exactly  the  same  action  is  liable  to  occur  in  charging 
accumulators  with  a  series  machine,  for  should  the  e.m.f.  of  the 
machine  fall  below  the  back  e.m.f.  of  the  accumulators,  its  polarity 
will  be  reversed,  and  on  speeding  up  it  will  be  in  series  with  the 
cells,  and  both  dynamo  and  cells  will  be  destroyed  by  the  excessive 
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current  that  would  flow  round  them.  It  will  be  seen  on  examination 
that  this  could  not  occur  with  the  shunt  wound  machine,  for 
whether  the  current  be  flowing  from  the  machine  or  to  it,  the 
current  through  the  field  magnet  coil  will  be  in  the  same  direction, 
and  the  polarity  cannot  be  reversed. 

Two  series  machines  may  be  run  in  parallel  if  we  connect  the 
two  positive  brushes  together  by  a  short  piece  of  thick  cable 
(Fig.  191)1  for  should  one  then  fall  ine.m.f.  below  the  other,  a  large 
current  will  flow  through  this  connector  to  the  brushes,  dividing 
here  through  the  armature  and  through  the  field  magnet  coil,  but 
in  the  same  direction  in  the  latter  as  normally.  Therefore  by 
providing  this  low  resistance  connector  we  avoid  the  possibility 
of  a  bum  out.  The  same  applies  to  the  series  winding  of  the 
compound  machine,  and  the  same  remedy  is  applicable  in  this 
case.  No  connector,  however,  will  prevent  the  possibility  of 
accident  in  accumulator  charging  with  series  machines,  for  they 
are  not  working  in  parallel  but  in  opposition  to  the  cells,  and  the 
only  safe  machines  to  use  for  this  purpose  are  shunt  and  separately 
excited  dynamos. 
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CHAPTER  XVI. 

DIRECT  CURRENT  MOTORS. 

If  an  electric  current  be  sent  through  such  a  machine  as  thai 
described  in  the  last  chapter,  from  some  external  source,  it  imme- 
diately rotates  as  a  motor,  giving  mechanical  energy  at  the  pulley, 
for  all  electric  motors  and  dynamos  are  reversible  machines, 
and  a  well-designed  dynamo  vill  always  make  a  good  motor.  But 
where  a  motor  is  required  it  is  often  advantageous  to  considerably 
alter  the  design  from  that  of  a  dynamo  for  various  reasons.  When 
the  motor  has  to  run  in  an  exposed  position  it  is  common  to 
completely  enclose  it  in  iron,  making  the  magnet  yoke  into  an 
iron  case  for  the  armature.  Then  again,  as  it  is  often  impossible 
to  attend  to  the  movement  of  the  brushes  with  changes  of  toad  and 
even  with  changes  of  direction  of  rotation,  it  is  usual  to  employ 
stronger  Gelds  and  carbon  brushes,  which  are' fixed  permanently 
in  position. 

Consider  the  conductor  carrying  a  current  in  the  field,  shown 
in  Fig.  178  in  the  last  chapter.  We  saw  that  if  the  armature  were 
free,  it  would  rotate  in  the  opposite  direction  to  that  produced  by 
the  engine.  Suppose  we  use  a  current  from  another  dynamo  and 
join  the  positive  main  to  the  positive  terminal  of  the  machine, 
that  is,  send  a  current  through  it  in  the  reverse  direction  to  that 
which  we  obtained  from  it  as  a  dynamo,  then  if  it  be  a  shunt 
wound  machine,  the  current  in  the  field  magnet  coils  will  still  be 
in  the  same  direction  as  before,  but  the  current  in  the  armature 
coils  will  be  in  the  reverse  direction  (see  Figs.  193  and  194),  and 
therefore  the  armature  will  be  urged  round  in  the  same  direction 
as  when  we  used  it  as  a  dynamo.  If  we  reverse  the  direction 
of  the  current,  we  reverse  the  direction  of  the  field  and  also  the 
direction  of  the  current  in  the  armature  conductors,  and  conse- 
quently the  direction  of  rotation  is  still  the  same.  We  tberefore 
cannot  reverse  the  direction  of  motion  by  simply  reversing  the 
current    To  do  so,  it  is  necessary  to  reverse  only  one  of  the 
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essentials  producing  rotation,  viz.,  either  the  direction  of  the  field 
or  the  direction  of  the  armature  current,  but  not  both.  The  same 
thing  applies  to  the  series  motor,  for  hy  reversing  the  direction  of 
the  current  in  the  armature  we  also  reverse  the  field  magnet.  The 
usual  practice  is  to  reverse  the  direction  of  the  current  in  the 
armature  only,  and  this  is  easily  done  in  either  a  shunt  or  series 
motor  by  a  reversing  switch  (see  Figs.  195  and  196). 

The  moment  the  motor  begins  to  rotate  it  generates  an  e.m.f., 
for  we  have  conductors  cutting  lines  of  force,  and  whenever  we 


Fig.  194. 


get  this,  an  e.m.f.  is  produced.  But  the  e.m.f.  so  produced  is  by 
Lena's  law  opposing  that  which  produces  it,  and  therefore  acts  in 
a  direction  directly  opposing  the  flow  of  the  current  The  current 
is  therefore  equal  to  ~ — .    The  left  hand  rule  mentioned  in 

the  last  chapter  can  be  applied  to  find  the  direction  of  rotation 
with  any  given  direction  of  current  and  field. 

Now  we  have  seen  that  the  power  put  into  the  dynamo  by  the 
steam  engine  is  principally  expended  in  overcoming  the  tendency 
for  the  conductors  to  go  round  in  the  opposite  direction.  The 
force  with  which  they  are  urged,  depending  on  the  strength  of  the 
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field,  the  strength  of  the  current,  and  the  total  length  of  the  con- 
ductor in  the  field  carrying  the  current.  This  is  the  same  whether 
the  machine  be  run  as  a  dynamo  or  as  a  motor,  except  that  the 
loss  in  frictions,  lieat  (  =  c^r),  hysteresis,  and  eddy  currents,  in  the 
case  of  the  dynamo,  have  to  he  made  up  by  extra  power  from  the 
steam  engine,  while  in  the  case  of  the  motor,  by  extra  electrical 
power  supplied.  Now  if  the  machine  be  excited  and  run  at  a 
certain  fixed  speed,  as  a  motor,  it  develops  a  back  e.m.f.  =«, 
which  is  the  e.m.f.  it  would  develop  as  a  dynamo  if  excited  to 
the  same  degree,  and  run  at  the  same  speed  by  a  steam  engine. 
Evidently,  if  we  did  the  latter,  the  power  we  should  get  from  the 
machine  would  be  equal  to  ec  watts,  the  product  of  the  e.m.f, 
developed  into  the  current  flowing.     It  is  evident  that  we  must 
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Fig.  195. 


Fig.  196. 


supply  some  extra  power  to  drive  ii,  and  the  power  we  put  into  it 
is  =  EC,  where  E  is  the  e.m.f.  we  impress  on  the  terminals,  e  is 
therefore  always  greater  than  e,  but  if  the  machine  is  well  designed 
and  running  unloaded,  e  will  be  very  nearly  equal  to  E  .  .  .  If 
they  were  alike  it  would  mean  that  no  power  at  all  is  required  to 
drive  the  machine  at  no-load  full  speed,  and  if  e  n-ere  greater  than 
E  it  would  not  only  drive  itself,  but  we  should  also  receive  power 
from  it  as  well,  which  is  perfectly  absurd,  though  many  have  been 
known  to  spend  a  large  amount  of  time  and  money  in  trying  to 
make  machines  to  so  act. 

The  power  we  get  out  { =  «c)  divided  by  the  power  we  put  in 
(  =  eg)  is  the  electrical  efficiency  of  the  machine,  or — 
Electrical  efficiency  =._  =  _. 
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This  tells  us  the  percentage  of  energy  we  are  converting 
into  something  other  than  heat,  and  the  nearer  e  approaches  e  in 
value,  the  greater  is  this  efficiency. 

But  e  depends  on  the  speed  of  the  motor,  and  has  its  maximum 
value  when  the  speed  is  a  maximum.  The  electrical  efficiency  is 
therefore  higher  when  running  at  a  high  speed,  than  when  running 
at  a  lower  speed.  When  running  at  its  highest  speed,  however,  it 
is  doing  very  little  work  per  revolution,  and  when  the  motor  is  pre- 
vented from  turning  it  is  doing  no  work,  and  all  the  eneigy  supplied 
is  wasted  in  heating  the  conductors.  The  maximum  amount  of 
work  per  revolution  is  therefore  obtained  at  some  intermediate 
speed  between  nought  and  maximum.  This  point  of  maximum 
work  is  reached  when  the  motor  b  developing  a  back  e.m.f. 
equal  to  half  the  impressed  cm.f. 

The  current  that  flows  through  the  motor^c«— . 

Therefore  E=CR+<. 
The  power  supplied  to  the  motor 

=  E  X  c  =  (CR  +  ')c 
=  C?R  +  «:, 
c*R  being  the  fraction  of  the  power  going  to  heat  the  conductors, 
and  ec  being  the  power  transformed. 

Consider  the  above  in  the  case  of  a  motor  working  at  say  loo 
volts  having  a  resistance  of  .i  ohm,  and  running  at  such  a  Speed  as 
to  develop  50  volts  (  =  J  e)  for  the  back  e.m.f.    Then — 

c  = li-mjoo  amperes. 

And  power  supplied=c'R  +  rt: 

-(5oo>x.,)  +  (so,<Soo) 

That  is  to  say,  15,000  watts  are  being  wasted  in  heating  the  con- 
ductors, and  35,000  watts  are  being  converted  into  useful  work  in 
the  motor.  Now  suppose  the  speed  be  decreased  by  10  per  cent., 
the  back  e.m.f.  will  also  decrease  to  per  cent,  and  we  get^ 

c=i£5jlii  =  55o  amperes. 

Power  supplied— c*R  +«; 

-30850  +  24750 
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or  power  transformed  into  useful  work  =34750  waits  against  45000 
watts  when  the  back  e.m.f,  was  equal  to  \  E. 

Again,  suppose  the  speed  increases  so  that  the  back  e.m.f.  is 
10  per  cent,  higher,  then — 

c  = ^^-^  =  450  amperes. 

And  power  supplied  =  c*R  +  «: 

-.(4So»x.i)  +  (5sx4So) 
-30250  +  24730 

Therefore  when  the  back  e.m.f.  is  equal  to  half  the  impressed 
e.m.f.,  the  motor  Sa  developing  the  maximum  amount  of  useful 
work,  and  the  same  amount  of  energy  is  being  converted  into  heat, 
therefore  when  a  motor  is  doing  the  maximum  amount  of  work 
its  electrical  efficiency->.5,  for  only  half  the  energy  being  supplied 
is  converted  into  useful  work.  When  the  back  e.m.f.  is  less  or 
greater  than  half  the  impressed  e.m.f.  the  motor  is  doing  less  work 
and  the  electrical  efficiency  is  less  than  .5  in  the  former  case  and 
higher  in  the  latter  case. 

It  therefore  follows  that  we  are  getting  the  maximum  amount 
of  work  from  any  given  motor  when  the  current  flowing  through 
it  is  half  that  which  would  flow  if  it  were  so  fixed  as  to  prevent 
the  armature  rotating. 

The  electrical  efficiency  is  not  the  same  thing  as  the  commer- 
cial efficiency,  for  out  of  the  amount  of  eneigy  converted  into 
something  other  than  heat,  some  has  to  go  in  overcoming  various 
losses  in  the  machine.  These  are  (i)  air  and  bearing  friction,  and 
(2)  hysteresis  and  eddy  current  loss.  Therefore  the  commercial 
efficiency  of  a  motor 

_  output  (as  measured  by  a  brake) 
total  energy  supplied, 
while  the  electrical  efficiency 

_      output 
output  +  c'r 

The  various  losses  in  the  machine  are  not  much  greater  at  full 
load  than  at  light  load,  and  therefore  the  commercial  efficiency  will 
be  greater  at  full  load  than  at  light  load,  the  maximum  efficiency 
being  usually  at  about  75  per  cent,  of  full  load. 

t  can  be  measured  when  we  know  the  resistance  of  the  motor. 
If  this  be  not  known,  it  can  be  found  by  connecting  an  accumu- 
lator and  an  ammeter  in  series  with  it  and  measuring  the  current 
that  flows  through  it  while  at  rest     The  resistance  is  then  equal 
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to  R  '^  ~  =  ^ ,  and  this  will  practically  be  the  resistance  of  the 

motor  if  a  fairly  lai^  accumulator  be  employed  and  short  thick 
connecting  wires. 

When  the  motor  rotates  at  its  full  speed  on  no  load,  the  only 
power  it  takes  fix)m  the  circuit  is  that  required  to  overcome  the 
losses  in  the  machine.  The  no-load  current  will  be  small  even 
though  the  e.m.f.  be  high  and  the  resistance  of  the  motor  low,  for 
the  machine  will  then  be  developing  a  high  back  e.m.r.  and  the 
current  that  flows  = . 

R 

Thus,  if  E-ioo  volts,  r  =  .i  ohm,  and  *=  99.8  volts,  then — 

100-00.8    .3 
c  = ^-^—  =  —  =  3  amperes, 

and  2  amperes  at  100  volts  =  3oo  watts  is  the  power  required  to 
overcome  the  various  no-load  losses  in  the  machine.  The  back 
e.m.f.  can  be  measured  by  reading  the  current  taken  at  any  load 
and  multiplying  it  into  the  resistance  of  the  motor.  If  there  were 
no  back  e.m.f.  this  product  would  be  equal  to  the  impressed  e.m.f., 
for  according  to  Ohm's  law,  k=cxr.  The  difference  between  b 
and  (c  X  r)  is  the  back  e.ni.f.  developed  by  the  motor,  or 
«=e-(cxr). 

The  back  e.m.f.  (being  that  produced  by  the  machine  running 

as  a  dynamo)  =  -^,  and  therefore  the  power  got  from  the  motor 

10" 

The  mechanical  work  per  second  produced  by  the  motor  = 
T  X  /i,  where  t  is  the  torque  or  turning  effort  and  ^  is  the  angular 
velocity  =•  airs,  s  being  as  before  the  speed  in  revolution  per  second, 
and  3  IT  the  measure  of  one  revolution  in  radians. 

Therefore  work  per  second  =  3)rs  x  t,  the  torque  t  being  in 
pound  feet,  and  this  divided  by  550  gives  us  the  horse-power. 
But  the  power  developed  in  the  motor  is  also  equal  to 
<xc 
746 
Therefore  li^=i^ 

Therefore  T=  55o ><■"<€  =  12LS- 
746  X  an-  X  S     S  X  8.5 
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e  being  the  e.m.f.  developed  by  the  machine  as  a  generator,  is 
equal  to 

io« 

Therefore  torque  =  ^  x  -S. ^J^^ 

^        108    8.5  xs    8.5x108 

That  is  to  say,  the  torque  or  turning  effort  in  pound  feet  is 
proportional  to  the  total  lines  of  force,  the  current  through  the 
armature,  and  the  number  of  armature  conductors,  and  in  all 
but  very  special  cases  the  latter  is  fixed  in  any  given  motor,  and 
therefore  the  torque  is  simply  proportional  to  the  armature  current 
and  the  total  Unes  through  the  armature. 

If  we  put  A  (amperes)  for  the  current  instead  of  c  in  the  above 
formula,  we  have — 

which  is  easily  remembered. 

It  must  be  understood  that  T  is  not  the  pull  in  pounds  exerted 
by  the  current-carrying  conductors,  but  the  pull  in  pounds  multi- 
plied by  the  leverage  (radius  of  the  armature)  in  feet  in  the  same 
way  that  the  moment  tending  to  turn  a.  lever  is  not  the  force 
used;  but  this  multiplied  by  the  perpendicular  distance  from 
the  direction  of  action  of  the  force  to  the  fulcrum. 

A  few  examples  will  serve  to  illustrate  the  way  the  various 
problems  connected  with  motor  work  are  calculated. 

Q.  I,  A  two-pole  motor  is  required  to  develop  10  h,p.  when 
connected  to  mains  at  150  volts.  Assuming  the  armature  to  work 
at  86  per  cent  efficiency  and  to  run  at  600  revolutions  per  minute, 
what  will  be  the  value  of  the  current,  and  how  many  conductors 
must  there  be  on  the  armature  if  the  sectional  area  of  the  armature 
core  be  ao  sq.  in,  ? 

1.  The  efficiency  =  86  per  cent 

Therefore  P°""  8°' °"'-Jl 
power  put  m      100 

Therefore  power  put  in  =  — — —  =  1 1.6  h.p. 

=  11.6  X  746  =  8653  watts. 

Therefore  vxa  =  86s3,  therefore  a=  —5^  =  57.5 
150 
or  current  required  =  57.5  amperes. 
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a.  The  efficiency  -  86  per  cent  ■  1 

Therefore  t  -  ?^^ = 5^2iiSO  _  ,      ^^j^ 

lOO  100 

and  «-?l^  therefore  129  =  2^? 

Allowing  100,000  Unes  per  square  inch,  we  have  N»  100000  x 
30  =  3000000,  and  f= 600  per  minute  » 10  per  second. 

Therefore  lag- 


Therefore  <:=i^i21i^= 


645 


Therefore  number  of  conductors  required  »  645. 
Q.  3,  A  tramcar  weighs  10  tons,  and  it  is  required  to  run  up 
an  incline  of  i  in  100.  If  i  empere  corresponds  to  a  tractive 
effort  of  10  lbs.,  and  the  tractive  force  is  30  lbs,  pei  ton,  how 
many  amperes  will  be  required  to  get  the  tram  up  the  incline, 
and  what  is  the  horse-power  corresponding  to  4  miles  per  hour  7 
(C.  and  G.  Eiuunination.) 

1.  For  the  level,  the  tractive  force  required^ 30  x  10  =  300 
pounds. 

For  the  incline  of  i  in  100,  ro  tons  raised  tdc  ft-  ■•  £?  ^  ''■*" 
'""  100 

=  334  lbs. 

Therefore  total  tractive  effort  required ■•  300 -(-134  =  534  lbs. 

As  I  ampere  is  equal  to  a  tractive  force  of  10  lbs.,  then  ^^ 
=  53.4  amperes  will  be  required. 

2.  Four  miles  per  hour=^*'^  °  ft  per  minute. 
The  tractive  force  =  534. 

Therefore  - -",  ■  °  x  5»4  "  foot-pounds  per  minute. 

Foot-pounds  per  minute  _  l  _ 
33000 

Therefore  illi^^iilH  =  5.s8h.p. 
60  X  33000  ■"        "^ 

is  required  for  4  miles  per  hour  tin  the  incline. 

Shunt  wound  motors  on  constant  potential  mains  run  at 
practically  constant  speed  for  all  loads  up  to  a  certain  maximum. 
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If  we  put  on  a  large  load,  the  speed  tends  lo  decrease,  and  therefore 
the  back  cm.f.  also  tends  to  decrease,  and  no  extra  torque  would 
be  developed,  but  if  the  back  e.m.f.  is  reduced,  the  current  through 
the  armature  increases  in  a  larger  proportion,  and  therefore  with 
Che  larger  load  we  get  a  larger  current  through  the  armature  to 
meet  it,  and  so  the  torque  is  increased,  and  the  speed  kept 
practically  constant  If  the  machine  be  of  large  size,  the  large 
currents  cause  such  a  large  armature  reaction  that  the  field  is 
weakened  sufficiently  by  this  cause  to  allow  of  even  a  higher  speed 
at  fiill  load,  but  in  the  smaller  machines  the  volts  lost  in  the 
armature  at  full  load  more  than  compensate  for  the  opposite  effect 
of  armature  reaction. 

As  a  general  thing,  a  motor  is  required  to  start  from  rest  fully 
loaded,  and  to  allow  of  speed  variation  over  a  wide  range.  This 
is  more  easily  accomplished  with  the  series  motor  than  with  the 
shunt,  as  we  shall  see  later  on. 

We  might  vary  the  speed  of  the  shunt  wound  motor,  however, 
by  putting  a  resistance  in  tl\e  armature  circuit,  but  this  is  very 
wasteful,  and  the  torque  is  decreased  as  well  as  the  speed  by  so 
doing.  A  much  better  way  is  to  put  the  resistance  in  the  field 
circuit;  an  increase  in  the  resistance  here  gives  rise  to  an  increase 
in  speed  and  viu  versa.  The  added  resistance  in  the  field  circuit 
weakens  the  field,  and  therefore  the  back  e.m.f.  is  less,  and  conse- 
quently the  current  in  the  armature  is  greater.  If  the  increase  in 
the  armature  current  had  the  same  percentage  alteration  as  the 
decrease  in  the  back  e.m.f.,  there  would  be  no  increase  in  the 
torque,  for  this  is  proportional  to  f<e.  But  the  percentage  in- 
crease in  the  armature  current  is,  in  this  case,  latter  than  the  per- 
centage decrease  in  the  back  e.m.f.  Thus,  suppose  we  take  a 
motor  whose  armature  works  with  say  85  per  cent,  efficiency, 

impressed  e.m.f.  =  soo  volts,  then  the  back  e.ra.f.'-^ i  = 

435  volts. 

Therefore  425  =  ?^ 

Now  suppose  we  reduce  n  by  10  per  cent.,  then  we  also  reduce 
the  back  e.m.f.  by  10  per  cent.,  making  11  =  382.5  volts. 
Now  the  current  in  the  first  case 

_B-f_5oo-4as_7S 
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and  the  current  in  the  second  case 

E^<     5oo^388.5_ii7.5 

R  R  R 

which  is  an  increase  on  the  first  current  of  %(>  per  cent  Therefore 
at  the  same  speed,  by  weakening  the  field  lo  per  cent,  we  get  an 
increase  in  the  torque  of  56  per  cent,  due  to  the  increase  in  the 
current  in  the  armature,  minus  10  per  cent,  due  to  the  decrease 
in  the  field  strength,  or  a  total  increase  in  the  torque  of  46  percent 

It  will  be  evident  that  we  cannot  go  far  in  this  direction  owing 
to  the  cunent  in  the  armature  rising  rapidly  with,  a  weakening  of 
the  field,  and  where  large  changes  in  speed  are  required  with  large 
torque  the  series  motor  is  far  preferable. 

The  series  motor  exerts  its  maximum  torque  when  at  rest,  for 
then  the  strength  of  the  field  and  the  strength  of  the  armature 
current  have  both  a  maximum  value.  As  the  motor  begins  to 
move,  it  develops  a  back  e.ni.r.  which  cuts  down  the  current  in 
the  armature  and  in  the  field  winding  also,  and  the  torque  falls 
off,  but  resistance  can  be  slowly  cut  out  of  its  circuit,  so  that  the 
maximum  current  and  therefore  maximum  torque  continues  until 
it  has  reached  its  normal  speed,  when  all  the  resistance  should  by 
this  time  be  out  of  the  circuit.  In  this  way  we  can  so  arrange 
that  the  motor  will  start  from  rest,  under  full  load,  with  a  very 
large  torque,  and  continue  to  exert  this  torque  till  it  gains  full 
speed,  the  acceleration,  therefore,  being  very  rapid,  which  is  a 
point  of  the  utmost  importance  in  traction  work,  where  the 
stopping  and  re-starting  is  very  frequent. 

The  resistance  to  be  added  at  starting  absorbs  a  large  amount 
of  power  when  the  re-starting  is  very  frequent,  such  as  is  found  in 
the  case  of  tramcars.  This  has  ted  to  an  arrangement  of  the 
motors  in  what  is  known  as  the  "series-parallel"  control  The 
connections  to  the  motors  are  made  inside  a  small  box,  one  at 
each  end  of  the  car,  called  the  controller  {Fig.  197).  Inside  this 
is  a  long  spindle,  carrying  a  number  of  stout  brass  or  gun-metal 
segments,  which  make  contact  for  a  longer  or  shorter  time  (accord- 
ing to  the  length  of  each)  with  a  corresponding  number  of  spring 
contacts.  The  spindle  is  provided  at  its  upper  end  with  a  sub- 
stantial handle,  and  the  various  contacts  are  made  by  turning  the 
handle  through  about  150°.  In  this  case  two  motors  are  provided 
and  a  small  resistance.  The  first  contact  joins  both  motors  and 
the  resistance  in  series  on  to  the  trolley  wire,  which  is  usually 
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at  500  volts  di/Terence  of  potential  to  the  rails.  This  allows  the 
maximum  current  to  flow,  and  both  motors  exert  their  full  torque, 
but  the  moment  ihey  start  they  both  generate  a  back  e.m.f.  which 
is  added  together,  for  the  motors  are  in  series,  and  so  the  current 


Fig.  197. 

begins  to  decrease.  The  second  contact  cuts  out  half  the  resist- 
ance and  keeps  the  current  at  its  original  value,  even  though  there 
is  now  a  back  e.m.f.  in  the  circuit,  and  the  torque  still  continues 
at  a  maximum.  The  speed  therefore  increases,  and  the  third 
contact  cuts  out  all  the  resistance,  and  we  have  the  two  motors  in 
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series  only,  with  the  maximum  current  still  on.  The  next  con- 
tact changes  the  connections  from  series  to  parallel,  and  also 
inserts  the  whole  of  the  resistance  once  more.  This  is  necessary, 
because  in  changing  from  series  to  parallel  the  resistance  is  only 
one  quarter  what  it  was,  and  the  back  e.m.f  is  also  reduced  to 
one  half  its  former  value.  The  maximum  current  is  therefore  still 
kept  on  the  motors,  though  they  may  be  by  this  time  running  at 
half  speed.  The  ncit  contact  cuts  out  half  of  the  resistance  once 
more,  and  the  final  contact  cuts  out  the  remaining  half,  and  now 
the  two  motors  are  in  parallel  with  no  resistance  in  their  circuit, 
both  developing  a  back  e.m.f.,  which  prevents  any  but  the  current 


Fig.  198. 
required  to  meet  the  load  from  passing  ihrough  them.  The  whole 
operation  is  completed  and  the  tramcar  running  at  full  speed 
from  rest  in  a  few  seconds,  depending  in  part  on  the  load  and  on 
the  experience  of  the  motor-man  in  changing  from  one  contact  to 
the  next  at  the  right  time,  the  average  time  being  about  twenty 
seconds. 

The  connections  of  such  a  controller  are  given  in  a  diagram 
designed  by  tlie  author,  in  Fig.  198.  It  is  very  much  distorted, 
the  segments  being  shown  in  a  horizontal  plane  instead  of  one 
under  the  other,  but  this  is  so  arranged  that  the  connections  may 
be  seen  more  cleariy.  The  small  switch  on  the  left  is  the  reversing 
switch,  which  reverses  the  current  in  the  armature  of  both  motors, 
but  allows  the  current  to  flow  in  the  same  direction  in  the  field 
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magnets.  A  still  further  turn  of  the  contioller  handle  cuts  both 
motors  from  the  line,  and  short  circuits  them.  They  then  form 
a  very  powerful  brake.  This  is  only  used  in  cases  of  emergency, 
for  there  is  danger  of  bumii^  out  the  motors  in  so  doing,  owing 
to  the  laj^  currents  induced  in  them  at  a  high  speed,  in  ninning 
as  generators  on  short  circuit.  The  reversing  switch  is  arranged 
on  a  second  vertical  spindle  beside  the  first  or  main  controller 
spindle,  and  the  two  are  interlocked  so  that  the  motors  cannot 
be  reversed  except  when  the  current  is  off.  The  two  controllers 
(one  at  either  end  of  the  car)  are  connected  in  parallel,  that  is  to 
say,  similar  contacts  on  the  two  are  connected  together  so  that 
when  one  is  switched  off  and  locked,  the  car  can  be  controlled 
from  the  other. 

It  will  be  noticed  that  in  switching  off,  the  reverse  operations 
are  gone  through,  and  therefore  at  the  moment  of  breaking  con- 
tact with  the  line,  there  is  only  a  small  current  flowing,  if  the  car 
be  running  at  anything  above  half  speed,  owing  to  the  two  motors 
being  in  series,  with  all  the  resistance  in,  and  a  high  back  e.m.f., 
due  to  the  sum  of  the  back  e.m.f.'s  of  the  two  motors.  There 
is,  however,  a  certain  amount  of  sparking  in  breaking  from  one 
contact  to  another,  and  if  the  car  be  heavily  loaded  the  sparking 
becomes  very  injurious,  and  the  contacts  would  soon  be  burnt 
out  unless  precautions  were  taken  to  prevent  it,  and  this  is  done 
in  most  cases  by  magnetically  blowing  out  the  spark. 

Between  each  contact  a  flat  coil  is  fixed  with  its  axis  directly 
in  line  with  the  point  of  contact,  and  at  the  moment  of  breaking 
the  circuit  at  this  point,  a  strong  current  is  automatically  passed 
through  all  the  flat  coils  in  series.  This  creates  a  strong  magnetic 
field  across  the  whole  of  the  contacts,  and  the  spark — acting  like 
a  conductor  carrying  a  current — is  strongly  repelled  to  one  side, 
and  so  increased  in  length  that  it  breaks  almost  as  quickly  as  it 
is  formed. 

In  tracing  out  the  connections  given  in  the  diagram  of  the 
series  parallel  controller,  the  row  of  contacts  are  supposed  to  be 
fixed,  while  the  s^uients  rotate  together  round  the  central  spindle. 
The  lighting  of  the  cars  is  usually  effected  by  connecting  five 
100  volt  lamps  in  series,  and  two  groups,  or  ten  tamps  of  16  candle- 
power  each,  often  constitutes  the  amount  of  light  allowed  for  each 
car,  which  is  all  that  could  be  desired.  The  cars  may  be  also  warmed 
electrically  in  the  winter  by  the  heating  effect  of  the  current  in 
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resistance  coils,  as  explained  in  Chapter  IV.  The  direction  of  the 
current  on  the  first  contact  is  shown  by  arrow  heads  in  the  diagram, 
and  the  remaining  contacts  oin  be  traced  out  by  the  student  in  a 
similar  manner. 

When  motors  are  used  for  purposes  other  than  traction,  they 
must  also  be  provided  with  starting  resistances  to  prevent  the  very 
large  currents  that  would  flow  at  the  moment  of  starting,  for  at 
this  time  the  motor  is  not  developing  a  back  e.m,f,  and   its 


Fig.  199. 

resistance,  being  usually  very  small,  the  current  that  would  flow 
through  it  without  a  starting  resistance  would  probably  prove 
injurious,  especially  if  starting  under  load. 

A  common  form  of  starting  resistance  is  shown  in  Fig,  199. 
It  consists  of  coils  of  iron  wire  large  enough  to  safely  carry  the 
maximum  current,  enclosed  in  a  fireproof  case  and  connected  to  a 
set  of  contacts.  A  switch  handle  can  be  rotated  over  the  contacts, 
which  cuts  out  more  and  more  of  the  resistance.    At  the  end  of 
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its  travel,  an  iron  armature  fixed  to  the  switch  handle  comes  into 
contact  with  the  poles  of  a  small  electro-magnet  which  is  excited  by 
the  field  shunt  current,  and  holds  the  switch  arm  in  contact  against 
its  tendency  to  fly  off,  due  to  the  reaction  of  a  strong  spring  in  the 
boss  of  the  switch  arm.  Should  the  current  through  the  motor  be 
broken  for  a  short  time,  due  to  any  accidental  or  any  other  cause, 
the  switch  immediately  flies  off,  and  the  motor  cannot  be  re-started 
without  the  resistance  being  inserted.  The  motor  current  also 
excites  a  small  electro-magnet  at  the  base  of  the  switch  board 
which  attracts  an  armature  against  the  reaction  of  a  spring  or 


Fig.  igQA. 

gravity.  This  can  be  set  so  as  to  go  over  with  any  prearranged 
current.  The  circuit  of  first  electro-magnet  is  short  circuited 
through  this  armature,  and  when  the  current  reaches  a  dangerous 
value,  the  armature  is  pulled  over,  the  switch  arm  released,  and 
the  motor  saved  from  injury. 

In  the  case  of  a  shunt  wound  motor  it  is  essential  that  the  field 
magnet  be  excited  before  the  current  is  switched  on  to  the  arma- 
ture, for  without  the  field  the  motor  cannot  start,  and  therefore 
cannot  develop  a  back  e.m.f.  The  starting  switch  in  this  case  is 
provided  with  a  continuous  bar  below  the  row  of  contacts,  and 
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this  is  in  connection  with  the  field  magnet  winding  and  hold-on 
coil,  and  comes  into  contact  with  the  switch  arm  first.  Any 
further  movement  of  the  switch  arm  regulates  the  resistance  in 
the  armature  circuit,  but  the  field  remains  constantly  magnetised. 
In  switching  off  the  field  magnet  circuit  is  broken  last,  and  in  large 
size  machines  this  should  be  done  through  a  resistance  also.  A 
diagram  showing  the  connections  of  such  a  switch  is  given  in 
Fig.  199A. 

The  compound  wound  dynamo  can  be  run  as  a  motor,  but  we 
have  to  remember  that  the  series  turns  will,  in  such  a  case,  be  acting 
as  a  demagnetising  coil,  or  in  opposition  to  the  shunt  coil.  In 
many  respects  it  is  not  so  good  as  the  shunt  motor,  and  where  it 
is  employed  the  object  is  to  get  a  more  constant  speed  for  all  loads 
than  is  given  by  the  shunt  machine. 

Owing  to  the  demagnetising  effect  of  the  series  coil,  the  back 
e.m.f.  falls  automatically  with  increase  of  load,  and  a  larger  current 
flows  through  the  armature  to  maintain  the  speed. 

Used  in  this  way  it  is  clear  that  the  machine  will  take  a  large 
starting  current,  and  if  the  machine  be  heavily  loaded  it  may  refuse 
to  start  at  all,  or  even  run  in  the  reverse  direction,  owing  to  the 
field  due  to  the  series  coil  being  in  excess  of  that  i^oduced  by  the 
shunt  coiL  The  same  effect  may  be  produced  while  running  if  a 
large  overload  be  thrown  on  to  the  motor  for  a  short  time. 

With  an  increase  in  the  armature  current,  the  torque  increases 
up  to  a  certain  maximum,  and  then  (owing  to  the  field  becoming 
excessively  weak  with  the  larger  currents  in  the  series  coil)  the 
torque  falls  off  and  finally  comes  to  zero.  Any  further  increase  in 
the  current  will  now  run  the  motor  in  the  reverse  direction. 

It  is  therefore  seen  that  a  differentially  wound  compound 
motor  has  not  such  a  large  overload  capacity  as  the  shunt  motor, 
and  moreover  it  takes  a  much  larger  starting  current.  When  it  is 
used  it  is  preferable  to  short  circuit  the  series  winding  at  starting, 
and  when  the  machine  lias  run  up  to  speed  as  a  shunt  motor,  to  put 
the  series  turns  into  the  circuit  by  removing  the  short  circuit. 

If  the  machine  has  been  over  compounded,  it  will  give  a  higher 
speed  with  increase  of  load,  but  if  the  winding  is  correctly  chosen, 
we  get  the  same  speed  at  no  load  and  full  load  with  very  slight 
alterations  for  intermediate  loads. 

In  designing  the  machine  for  a  motor,  it  is  usual  to  provide 
about  -^  as  many  series  ampere  turns  at  full  load  as  there  are 
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shunt  ampere  turns.  This  is  about  half  of  what  would  be  required 
for  the  same  machine  run  as  a  dynamo. 

These  machines  are  not  used  to  any  great  extent,  for  the  shunt 
wound  motor  can  be  made  to  work  with  but  slight  change  in  speed 
from  nought  to  full  load,  especially  if  of  large  size  (over  10  h.p.). 
With  the  shunt  machine,  there  are  two  causes  for  variation  in  the 
characteristic.  One  is  volts  lost  in  the  armature  ( =■  c.  x  n,),  which 
increases  with  the  load  and  gives  rise  to  a  falling  characteristic 
The  other  is  armature  reaction,  producing  a  weakening  of  the  field, 
and  consequently  a  rising  characteristic  In  small  machines  the 
former  is  the  most  important,  and  we  get  a  slight  fall  in  speed  with 
increase  in  load.  But  with  large  machines  the  resistance  of  the 
armature  is  very  small,  and  the  armature  reaction  far  outweighs  the 
C  X  R  drop,  and  we  therefore  get— with  the  laige  machine — all  the 
advantages  of  the  differential  compound  wound  machine  without 
its  disadvantages. 

All  modern  traction  motors  are  waterproof,  four-pole,  ironclad 
machines,  designed  to  work  at  500  volts.  These  are  connected  to 
the  car  axle  through  a  single  reduction  spur  wheel  gearing,  except 
in  a  few  instances  of  heavy  electric  locotnotives  where  the  motor 
armature  is  connected  direct  to  the  car  axle  without  any  gearing 
whatever,  in  which  case  the  armature  should  be  built  up  on  a 
hollow  spindle  surrounding  the  car  axle,  and  the  two  connected 
t(^ether  through  a  strong  spring  coupling  to  take  up  the  jar  at 
starting.  The  single  reduction  gear  has,  however,  certain  advan- 
tages, and  has  been  found  to  give  such  satisfactory  results  in  prac- 
tice that  it  is  very  doubtful  whether  the  direct  connected  motor 
will  continue.  The  back  e.m.f.  of  the  motor  is  proportional  to 
N^  and  if  s  be  small — as  it  is  when  the  motor  is  direct  connected 
— the  other  items  must  be  correspondingly  large,  which  means 
more  iron  and  copper  and  therefore  a  larger  and  heavier  motor. 

With  a  four-pole  motor  the  speed  is  reduced  to  one  halt,  for 
any  given  back  e.m.f.,  for  we  have  practically  two  motors  in  one. 
The  conductors  in  moving  half  a  revolution  cut  through  the  field 
twice,  and  with  the  same  strength  of  field  develop  the  same  back 
e.m.f.  as  they  did  in  turning  through  a  complete  revolution  with 
the  two-pole  machine.  A  two-pole  motor  could,  however,  be 
made  to  run  at  the  same  speed  and  develop  the  same  back  e.m.f. 
as  the  four-pole  motor,  but  it  would  be  a  much  heavier  machine 
and  not  nearly  so  compact    For  with  the  four-pole  motor  we  get 
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a  much  belter  distribution  of  the  iron  circuit,  the  connecting  yokes 
being  formed  into  the  containing  case,  giving  it  the  appearance  of 
a  rectangular  iron  box,  none  of  the  moving  parts  being  visible 
except  the  end  of  the  shaft  with  the  spur  wheel  fixed  to  It.  This 
magnetic  circuit  containing  case  is  provided  with  two  bearings  at 
one  end  which  embrace  the  car  wheel  spindle  and  so  holds  the 
motor  in  gear.  The  other  end  of  the  motor  is  suspended  by 
strong  spiral  springs  from  the  framework  of  the  car  truck  which 
take  up  any  jar  at  starting. 

Q. — A  four-pole  traction  motor,  armature  diameter  =34  in., 
series  wound,  360  armature  conductors,  takes  a  current  of  30 
amperes  at  500  volts.  Flux  from  one  pole  =  9,000,000  lines. 
Assuming  the  field  magnets  to  be  separately  excited,  and  the 
armature  to  work  with  90  per  cent,  efficiency,  find  (i)  speed,  (2) 
horse-power,  (3)  tangential  pull  on  the  armature  conductors, 

I.  Efficiency  =  90  per  cent. 

Therefore  e  =  ^  '*  5*^°  =  45°  "o'ts. 

(=iiS|  Thererores='-i^  =  ^-S-^'- 

loS  Nf  N  X  360 

(There  being  four  poles  or  two  tf  and  two  s  poles,  the  total 
lines  in  this  case  =  9000000  x  2.) 

Therefore  s  =  --;  ^' =  6.8  revolutions  per  second. 

18000000x360 

a.  Horse-power  =  ^-^  =  151?13?„,8l,_p_ 

'7d.D  TAD  " 


3.  Torque  =  ^-—^_^ ^^ 


=  2* ''^xiS^^jj  pound  feet. 


The  radius  of  the  armature  being  i  ft.,  the  tangential  pull  on 
the  armature  conductors 

It  is  evident  when  we  consider  the  four-pole  machine,  that 
diametrically  opposite  conductors  on  the  armature  are  cutting 
through  similar  fields  at  the  same  rate,  and  are  therefore  develop- 
ing similar  e.m.f.'s  (see  Fig.  200).  Also  that  any  one  conductor 
has  its  e.m.f.  reversed  four  times  during  one  complete  revolution. 
Suppose  we  therefore  place  brushes  at  the  mid-point  between  each 
pair  of  poles,  that  is,  at  each  point  where  the  e.m.f  in  any  one 
conductor  reverses,  we  should  have  two  pairs  of  brushes,  for  the 
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brushes  diametrically  opposite  would  have  similar  e.m.f.'s. 
Opposite  brushes  could  thererore  be  put  in  parallel,  and  we 
should  then  have  the  equivalent  of'  two  machines  in  parallel  with 
four  brushes  on  the  commutator  at  90°  apart,  alternate  brushes 
being  connected  tc^ether  by  a  piece  of  cable,  or  an  insulated 
semicircular  band  of  copper. 

In  some  cases  only  two  brushes  are  used,  90°  apart,  in  which 
case  diametrically  opposite  conductors  arc  connected  together  by 
a  series  of  connectors  slipped  over  the  shaft  before  the  commu- 


£=r 


^=L 


Rj.«>i. 

tator  is  put  on.  Theseusually  consist  of  rings  of  thin  sheet  copper 
with  lugs  projecting  at  both  ends  of  a  diameter.  As  one  ring 
connects  together  two  commutator  segments,  there  will  be  half  as 
many  rings  required  as  there  are  commutator  segments.  The 
method  of  connecting  is  shown  diagrammatically  in  Fig.  201. 
These  connectors  are  clamped  in  front  of  the  end  connectors  of 
the  drum  winding,  for  all  such  motors  are  drum  wound,  owing  to 
the  ease  with  which  a  coil  can  be  disconnected  and  replaced  if 
damaged. 

For  tram  car  motors,  however,  two  circuit  single  windings  are 
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exclusively  employed.  With  this  winding  only  two  brushes  are 
required,  and  each  conductor  is  connected  to  another  just  over 
60°  ahead.  After  going  round  in  this  way,  the  end  is  joined  to 
the  next  but  one  from  the  one  we  started  with,  then  round  again 
and  so  on ;  the  winding  eventually  closing  on  itself.  The  brushes 
then  connect  the  winding  into  two  circuits  in  parallel,  instead  of 
four  circuits  in  parallel  when  four  brushes  are  employed.  This  is 
done,  first,  so  that  a  higher  e.m.f,  may  be  employed;  secondly. 


Fig.  301, 

because  equal  e.m.f.'s  are  induced  in  the  two  circuits  even  though 
the  armature  be  not  central  due  to  wear  at  the  bearings ;  and 
thirdly,  because  the  brushes  are  rather  inaccessible,  and  l«o  can 
be  got  at  easier  than  four. 

Many  different  windings  are  employed  on  multipolar  motors, 
but  these  are,  in  the  main,  elaborate,  and  must  be  left  for  a 
subsequent  course  of  study. 

Fig.  302  shows  a  modern  traction  motor  open,  and  Fig.  203 
shows  a  motor  closed,  suspended  in  position  from  the  car  axle. 
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The  magnetising  coils  are  very  flat,  and  the  pole  pieces  short,  the 
two  vertical  pole  pieces  often  being  shorter  than  the  two  horizontal 
ones  when  so  arranged,  owing  to  the  vertical  space  under  a  tram 
car  being  limited. 


In  all  cases  of  multipolar  machines  with  multiple  circuit  wind- 
ings, it  is  very  difficult,  if  not  impossible,  to  make  the  different 
magnetic  circuits  exactly  alike,  and  therefore  the  difTerent  sections, 
in  parallel  with  the  brushes,  may  not  be  developing  exactly  similar 
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e.in.f.'s.  This  would  give  rise  to  local  currents,  which  have  a  ten- 
dency to  get  up  a  swing,  and  cause  sparking  at  alternate  brushes. 
To  prevent  this,  a  few  cross  connectois  are  often  added  to  act  as 
equalising  rings.  If  now  the  e,m.f.'s  are  symmetrical  no  current 
will  flow  in  the  equalising  rings,  but  if  not,  the  out-of- balance  cur- 
rent will  flow  through  them  instead  of  causing  sparking  at  the 
commutator.  These  equalising  rings  are  unnecessary  for  machines 
up  to  150  k.w. 

It  has  been  pointed  out  that  by  using  strong  fields  and  carbon 
brushes,  sparking  at  the  commutator  is  prevented,  and  so  the 
brushes  can  be  fixed  at  points  directly  midway  between  the  poles, 
and  the  motor  run  equally  well  in  either  direction.  In  cases 
where  the  brushes  are  movable  and  sparking  occurs,  it  must  be 
remembered  that  a  backward  lead  is  required  with  increase  of 
load,  which  is  opposite  to  that  required  for  a  dynamo.  This  will 
be  readily  understood  by  considering  Y%.  194,  which  gives  the 
direction  of  field,  armature  current,  and  motion  for  the  motor. 

The  magnetisation  due  to  the  armature  current  is  in  such  a 
direction  as  to  strengthen  the  field  at  the  top  right-hand  horn, 
and  the  bottom  left-hand  horn  of  the  pole  pieces,  while  the  other 
two  are  weakened.  This  causes  a  distortion  of  the  field,  and  the 
point  of  commutation  is  thrown  over  in  the  opposite  direction  to 
the  direction  of  rotation,  as  shown  in  Fig,  304.  Comparing  this 
with  the  similar  diagram  for  the  dynamo  (Fig,  170),  we  see  that  the 
field  distortion  is  reversed  in  the  two  cases. 

This  gives  rise  to  a  number  of  back  ampere  turns,  which  is  the 
same  for  the  motor  and  dynamo  with  the  same  angular  displace- 
ment of  the  brushes.  If,  in  the  case  of  the  motor,  we  had  a  for- 
ward lead  as  in  the  dynamo,  then  owing  to  the  armature  current 
being  reversed,  we  should  have  forward  ampere  turns  instead  of 
back  ampere  turns,  but  as  the  angular  displacement  of  the  brushes 
is  backward  in  the  case  of  the  motor  we  get  with  the  reverse 
armature  current,  a  similar  number  of  back  ampere  turns,  as  in 
the  case  of  the  dynamo. 

In  the  case  of  the  shunt  wound  motor.  It  is  owing  to  this  back- 
ward lead  that  the  machine  can  maintain  a  constant  speed,  and 
in  large  machines  even  an  increasing  speed  for  increasing  loadsi 
for  the  backward  lead  gives  rise  to  back  ampere  turns,  and  there- 
fore a  weakening  of  the  field,  which  as  we  have  seen  causes  an 
increased  torque,  due  to  the  increased  armature  c 


i^iCooc^lc 


CHAPTER  XVII. 

ALTERNATING    CURRENTS. 

Most  of  the  effects  produced  by  alternating  currents  can  be  ex 
plained  easily  by  what  are  known  as  vector  diagrams,  and  there- 
fore, at  the  oulset,  it  will  be  well  to  consider  the  meaning  of  such 
diagrams,  how  they  are  formed,  and  the  few  trigonometrical  ratios 
required  for  explaining  them. 

Take  for  example  an  ordinary  clock.  The  minute  hand  re- 
volves round  the  centre  with  uniform  velocity.  If  we  draw  a 
horizontal  line  through  the  centre  and  prolong  it  at  either  side, 
we  may  take  any  convenient  length  along  this  line  to  represent 
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Fig.  205. 

one  revolution  of  the  clock  finger.  Half  the  length  will  then 
represent  half  a  revolution,  and  so  on.  As  the  complete  revolu- 
tion is  equal  to  air  radians  or  360*,  we  can  mark  the  whole  length 
of  the  line  aa-  or  360°,  half  the  length  -k  or  i8o*,  quarter  the 
length  o.sir  or  90°,  and  so  on,  as  shown  in  Fig.  205.  If  we  now 
divide  the  circumference  of  the  circle  traced  out  by  the  end  of  the 
rota^ng  vector  (clock  finger)  into  any  number  of  equal  parts,  and 
the  horirontai  line  into  the  same  number  of  equal  parts,  then  by 
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drawing  through  each  point  on  the  horizontal  line  vertical  lines, 
and  through  each  point  on  the  circumference  horizontal  lines,  we 
get  a  number  of  intersections  which,  on  being  connected,  produce 
a  curve  showing  in  extended  form  the  variations  in  the  altitude  of 
the  uniformly  revolving  vector  through  one  revolution. 

In  Fig.  205  the  circle  has  been  divided  into  16  parts,  and  the 
vector  is  supposed  to  be  revolving  in  a  counter  clockwise  direction. 

Consider  this  figure  more  closely.  When  the  vector  has 
reached  the  point  a,  the  angle  of  rotation  is  aAO.  If  we  drop  a 
perpendicular  from  the  point  a,  the  length  o^  divided  by  the 
length  <7A  is  known  as  the  sine  of  the  angle,  ^a  divided  by  oa  is 
called  the  cosine  of  the  angle,  and  eJ>  divided  by  kb  the  tangent  of 
the  angle.  By  multiplying  the  length  ba  by  the  sine  of  the  angle 
we  get  the  length  o^,  thus — sax  — °>()^;  and  again,  by  multiplying 
d-A  by  the  cosine  of  the  angle  we  get  the  length  Ai,  thus — 
dAx —  =  sb\  while  the  sine  divided  by  the  cosine  elves  us  the 

OA  10 

tangent  of  the  angle,  thus — 


UK    ttb    aK_ab 
bk    OA    bk    bk 


=  tangent  of  the  angles 


It  will  be  noticed  that  the  sine  of  the  angle  of  rotation  in- 
creases continuously  from  0°  to  90°  where  it  has  a  maximum  value 
=  1,  falling  again  to  zero  at  180°.  At  270°  it  has  a  maximum 
value  in  the  opposite  or  negative  sense,  and  again  falls  to  zero 
on  reaching  the  starting  point.  The  curve  traced  out  by  the  pro- 
jection of  the  end  of  the  rotating  vector  in  extended  form  follows 
the  same  variation,  and  so  is  known  as  a  sine  curve,  or  a  curve 
following  a  sine  law  of  variation. 

The  whole  curve  representing  one  complete  rotation  is  called 
a  complete  cycle  or  period,  while  the  half  curve  is  known  as  an 
alternation  (though  this  term  is  sometimes  used  to  denote  the 
whole  curve),  and  the  number  of  cycles  per  second  is  known  as 
the  "frequency"  or  "periodicity." 

The  e.m.f.  induced  in  the  circuit  by  an  alternating  current 
dynamo  may  be  conveniently  considered  as  following  a  sine  law 
of  variation,  and  though  in  practice  the  curves  of  e.m.f.  and 
current  are  often  far  removed  from  pure  sine  curves,  they  can 
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always  be  reduced  to  a  fundamental  sine  curve  with  superadded 
overtones,  and  by  assuming  a  sine  variation  the  effects  produced 
are  much  easier  to  explain. 

Seeing  that  each  pole  of  an  alternator  is  of  equal  strength  but 
opposite  sign,  and  the  winding,  &c.,  symmetrical,  the  two  halves  of 
a  complete  period  must  be  exactly  alike  but  of  opposite  sign — that 
is  to  say,  if  we  find  any  characteristic  in  the  positive  half  period, 
such  as  a  flat  top  or  a  peak,  there  must  be  the  same  characteristic 
in  the  negative  half  period.  This  being  so,  it  follows  that  if  we 
fold  over  the  negative  half  on  to  the  positive  half  period,  the 
resultant  e.m.f.  will  be  nought. 

The  periodicity  varies  in  practice  from  about  25  to  120, 
the  former  figure  being  used  for  traction  work  only,  for  such 
low  periodicities  on  incandescent  lamps  would  result  in  a  very 
unpleasant  pulsation  of  the  light.  For  incandescent  lighting  with 
alternating  currents,  100  cycles  per  second  has  been  a  very 
common  periodicity  in  the  past ;  but  owing  to  the  fact  that  the 
demand  for  power  in  connection  with  traction  work  and  other 
industrial  purposes  has  been  steadily  on  the  increase  for  some 
time  past,  and  that  alternating  .current  motors  can  be  designed  to 
give  better  performance  and  higher  efficiency  at  all  loads  with  a 
low  frequency,  the  tendency 
is  to  reduce  the  periodicity 
to  the  lowest  that  will  allow 
of  arc  and  incandescent 
lighting  while  still  main< 
taining  a  high  efi^ciency  in 
the  whole  of  the  plant,  for 
the  generators  and  trans- 
formers are  both  heavier 
and  more  expensive  for  low 
frequencies. 

The  minimum  fre- 
quency for  successful  light- 
ing is  usually  stated  as  near  to  40  cycles  per  second,  and  certainly 
at  50  cycles  per  second  the  persistence  of  vision  prevents  any  pul- 
sation of  the  light  being  at  all  noticeable.  With  incandescent 
lamps  for  low  voltages  or  high  cp.  the  filaments  have  a  certain 
temperature  lag  which  allows  of  successful  working  with  a  slightly 
lower  frequency  than  is  found  necessary  for  arc  lamps. 
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Let  us  consider  a  case  or  two  often  found  in  practice.  Ftg. 
3o6  represents  by  the  full  line  a  flat-topped  e.m.f.  curve,  while  its 
fundamental  sine  curve  is  shown  by  the  thin  hne.  In  this  case 
we  have  another  curve  of  e.m.f.  induced  at  the  same  time  of 
a  higher  frequency,  the  reasons  for  which  will  appear  later. 
This  higher  frequency  curve  is  known  as  a  harmonic  In  this 
case  in  one  complete  period  we  have  a  harmonic  wilh  a  frequency 
three  times  that  of  the  fundamental  curve.  If  we  take  all  the 
values  above  the  horizontal  line  as  positive,  and  all  below  it  as 
negative,  and  add  them  together  algebraically,  we  find  that  for 
part  of  the  time  the  fundamental  and  harmonic  are  acting  in  the 


same  sense  in  building  up  the  e.m.f. ;  but  by  the  time  the  funda- 
mental has  reached  its  maximum  value  the  harmonic  is  acting  in 
the  reverse  sense  and  is  lowering  the  e.m.f.  of  the  machine,  the 
same  eifect  taking  place  on  the  negative  side,  as  clearly  shown  in 
the  figure.  In  this  case  the  fundamental  and  harmonic  have  zero 
values  at  the  same  instant,  and  commence  and  end  each  half 
period  in  the  same  sense ;  but  great  variations  in  the  shape  of  the 
e.m.f.  curve  may  be  caused  by  the  harmonic  starting  from  zero  in 
a  different  direction  or  at  a  different  time  to  the  fundamental,  or 
by  a  difference  in  the  frequency.  In  Fig.  207  the  harmonic  starts 
by  lowering  the  e.m.f.,  but  has  a  maximum  value  at  the  same 
moment  that  the  fundamental  has  its  maximum  value,  and  in  the 
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same  sense.    The  t<ro  therefore  add  together  at  this  point  and 
give  rise  to  the  peaked  curve  shown  by  the  full  line. 

Suppose  in  lighting  a  certain  nuinlxT  of  incandescent  lamps 
with  an  alternating  current  we  find  the  reading  of  the  ammeter  to 
be  say  lo  amperes.  Is  this  reading  the  maximum  value  of  the 
alternations?  Evidently  not,  for  the  current  has  this  maximum 
value  for  only  a  very  short  time  during  each  alternation.  Neither 
is  it  the  average  value  of  the  alternation,  which  for  a  sine  curve  is 
equal  to  the  maximum  value  divided  by  n-/z.  It  indicates  for  us 
the  "square  root  of  the  mean  square"  value.  This  may  seem 
strange  to  the  beginner,  but  the  explanation  ts  simple.     Suppose 


Xl 


Fig,  w)8. 

we  use  a  direct  current  to  light  the  lamps,  we  shall  have  a  certain 
amount  of  power  absorbed  equal  to  c^b,  and  in  the  time  occupied 
by  one  alternation  of  the  alternating  current  an  amount  of  work 
will  be  expended  in  the  lamps  equal  to  c'r/  making  the  filaments 
glow.  If  our  alternating  current  produces  the  same  glow,  the 
power  must  be  the  same,  therefore  c^R  must  be  the  same  in 
the  two  cases;  and  as  R  is  the  same  in  both,  the  square  of 
the  direct  current  must  be  equal  to  the  mean  square  of  the 
alternating  current,  and  therefore  the  direct  current  is  equal  to 
^/raean  square  of  alternating  ct.  To  show  this  graphically,  take 
one  alternation.  Fig.  308,  and  divide  it  up  into  say  e^ht  parts, 
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thus  getting  eight  instantaneous  values  for  the  current.  Square 
each,  and  plot  the  squared  values.  The  mean  of  these  squared 
values  will  be  equal  to  the  square  of  a  direct  current  which  will 
produce  the  same  heating  effect  in  the  same  time.  It  is  an  easy 
matter  to  construct  a  rectangle  on  the  same  base  having  an  area 
equal  to  that  of  the  cune  of  squared  values.  The  height  of  this 
rectangle  will  be  the  mean  of  the  squared  values,  and  therefore 
the  square  root  of  this  height  is  that  value  of  the  alternating 
current  which  is  effective-  This  ^  mean  squaie  value  is  commonly 
called  the  effective  value,  or  the  R.M.S.  value,  i.e..  Root  Mean 
Square  value. 

If  we  assume  that  the  alternating  current  has  a  sine  law  of 


Fig.  209. 


variation,  this  effective  value  is  equal  to  the  maximum  value 
multiplied  by  0.707,  and  this  is  the  value  indicated  by  either 
voltmeter  or  ammeter. 

In  the  case  of  incandescent  lighting  the  current  in  the  circuit 
has  its  maximum  and  zero  value  at  the  same  instant  that  the 
e.m.r.  has  these  values,  and  all  the  characteristics  of  the  e.m.f. 
curve  are  possessed  by  the  current  curve  also.  The  two  are  in 
step  or  in  phase  as  it  is  called.  If  we  represent  the  e.m.f  curve 
by  a  thin  line,  and  the  current  (to  a  different  scale)  by  a  thick 
line,  we  have  the  diagram  shown  in  Fig.  309.  The  product 
obtained  by  multiplying  the  e.m.f.  and  current  together  at  any 
instant  gives  us  the  power  at  that  instant.  By  taking  a  number 
of  points  in  the  complete  cycle  and  multiplying  them  together, 
we  may,  with  the  values  obtained,  plot  a  curve  of  power,  as  shown 
by  the  sectioned  curve.  Fig.  a  10. 
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ir  the  circuit  contains  a  large  electro-magnet,  an  alternating 
current  motor,  or  other  apparatus  where  a  large  magnetisation 
will  be  produced,  we  get  an  effect  of  very  great  importance,  and 
one  which  need  not  be  considered  at  all  in  direct  current  work. 
In  such  a  case  the  circuit  has  to  be  magnclised,  demagnetised, 
reversed,  and  again  demagnetised  at  each  complete  cycle,  as 
shown  in  the  curve,  Fig.  28,  and  this,  as  we  have  seen,  means  a 
loss  of  enei^  in  hysteresis.  But  this  is  not  all.  The  lines  of 
force  being  continuously  changing  at  a  rapid  rate — often  as  much 
as  200  reversals  per  second — ^induces  in  the  circuit  a  back 
e.m,f.  depending  on  the  rate  of  change  of  the  field,  due  to  the 
rise  and  fall  of  the  current  in  the  circuit,  or  the  rate  of  cutting  by 
lines  of  force  due  to  the  current  changes. 


Fig.  210. 

Other  things  being  the  same,  the  back  e.m.f.  induced  is 
proportional  to  (i)  the  number  of  lines  of  force  created  by  the 
current;  (2)  the  square  of  the  number  of  turns;  and  (3)  the 
number  .of  periods  per  second.  (It  will  be  seen  that  the  self- 
induced  e.m.f.  is  proportional  to  the  square  of  the  turns  when  we 
consider  the  field  produced  by  each  turn  separately.  Take  one 
turn  carrying  a  cunent.  It  creates  a  certain  number  of  lines  of 
force  interlinked  with  it.  A  second  similar  turn  carrying  the  same 
current  would  induce  the  same  number  of  lines,  and  therefore  the 
two  together  would  create  twice  the  number  of  lines  through  the 
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iim  turns,  or  the  interlinking  of  lines  and  turns  will  be  four  times 
greater  with  two  turns  than  with  one.) 

As  the  self-induced  e.m.f.  depends  on  the  rate  of  change  of 
[he  field,  it  follows  that  the  induced  e.m.f.  has  its  maximum  value 
when  the  e.m.f.  of  the  generator,  or  the  impressed  e-m.f.  as  it  is 
called,  is  nought.  This  will  readily  be  seen  by  considering  a 
simple  pendulum,  llie  bob  swings  with  a  true  harmonic  motion, 
and  may  be  made  to  trace  out  a  true  sine  curve  on  a  piece  of 
cardboard  drawn  with  uniform  velocity  under  it  and  at  right 
angles  to  the  plane  of  its  motion.  Now  the  rate  of  movement  of 
the  pendulum  bob  gets  smaller  as  it  approaches  the  end  of  its 
swing,  where  it  finally  ceases  to  move  for  an  instant  It  then 
reverses,  and  has  its  maximum  rate  of  movement  as  it  passes 
through  the  vertical  or  zero  position. 

The  self  induced  e.m.f.  therefore  lags  behind  the  impressed 
e.m.f.  by  90°,  and  in  special  cases  may  be  almost  as  large  as  the 
impressed  e.m.f.,  in  which  case  the  current  that  flows  will  be  very 
small  even  though  the  impressed  ejn.f.  be  exceedingly  high  and 
the  resistance  of  the  circuit  very  low.  Not  only  this,  the  current 
that  does  Sow  lags  behind  the  impressed  e.m.f.,  so  that  the  maxi- 
mum value  of  the  current  comes  at  a  time  when  the  impressed 
e.m.f.  has  fallen  to  some  lower  value,  and  the  zero  value  of  the 
current  is  at  a  time  when  the  e.m.f.  has  a  certain  value  in  the 
opposite  sense.  The  amount  of  lag  depends  on  the  magnetisa- 
bihty  of  the  circuit,  for  when  an  e.m.f.  is  impressed  on  the 
terminals  of  the  electro-magnet,  and  the  first  increment  of  cur- 
rent flows,  a  certain  number  of  lines  of  force  are  created  which 
give  rise  to  an  e.m.f.  choking  back,  as  it  were,  the  further  growth 
of  the  current  If  we  imagine  the  current  to  remain  steady  for  a 
while  after  the  first  increment,  the  choking  e.m.f,  would  vanish, 
and  the  current  could  then  grow  to  a  slightly  higher  value,  and 
this  again  would  give  rise  to  a  further  choking  e-m.f.,  and  so 
retard  the  growth  of  the  current  once  more.  Of  course  the 
current  does  not  grow  by  jumps  in  this  way,  but  its  growth  is 
constantly  retarded  by  the  field  it  creates,  and  the  same  field 
retards  the  dying  away  of  the  current  by  inducing  an  e.m.f.  which 
tends  to  keep  it  flowing  in  the  same  direction. 

The  effect  then  of  large  electro- magnets  in  an  alternating 
current  circuit  is  to  considerably  reduce  the  value  of  the  current 
that  would  otherwise  flow,  and  to  make  that  which  does  flow  lag 
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behind  the  c.m.f.  of  the  generator.  Of  course  for  purposes  of 
calculation  it  matters  not  whether  we  consider  the  current  as 
lagging  behind  the  e.m.f.,  or  the  e.m.f.  as  being  in  advance  of  the 
cturent. 

Consider  the  curves,  Fig.  211.  Here  the  thin  line  represents 
an  impressed  e.m.f.  of  any  value  we  please,  acting  in  a  circuit 
containing  incandescent  lamps  only.  These  produce  practically 
no  magnetisation,  and  therefore  the  self-induction  of  such  a  circuit 
is  small,  and  in  most  cases  negligible.  The  thick  line  represents 
the  current  in  phase  with  the  e.m.f.  drawn  to  some  ai^)ropriate 


scale.    The  power  in  the  circuit  will  be  measured  by  the  product 
of  the  ammeter  and  voltmeter  readings  in  the  ordinary  way. 

Fig.  211  shows  the  same  circuit  with  a  large  electro-magnet 
having  a  closed  iron  circuit  in  scries  with  the  lamps.  We  will  sup- 
pose the  resistance  of  this  magnet  to  be  very  small,  and  therefore, 
as  a  resistance,  unable  to  appreciably  diminish  the  current  flowing 
in  the  former  case.  We  shall  nevertheless  find  a  very  large  drop  in 
the  value  of  the  current  as  read  on  the  ammeter,  and  a  large  drop 
in  the  potential  difference  on  the  terminals  of  the  lamps,  so  that 
instead  ofgiving  the  normal  light  as  in  Fig.  air,  they  will  probably 
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be  either  not  glowing  at  all,  or  at  a  very  dull  red  heat.  The 
curves  in  Fig.  an  show  clearly  what  has  happened.  Not  only 
has  the  current  dropped  in  value  owing  to  the  back  e.m.f.  induced 
in  the  circuit,  or  the  e.m.f.  of  self-induclion  as  it  is  often  called, 
but  it  also  lags  considerably  behind  the  impressed  e.m.f,  and 
owing  to  this  lagging  of  the  current  we  can  no  longer  measure 
the  power  in  the  circuit  by  taking  the  product  of  the  voltmeter 
and  ammeter  readings. 

This  electromagnet  appears  to  choke  back  the  current  that 
would  flow  if  it  were  not  in  the  circuit,  and  it  is  quite  the  usual 


a  -/       \  to  - 


practice  in  alternatir^  current  work  to  employ  such  colls  instead 
of  resistances,  for  they  absorb  much  less  power  than  an  equivalent 
resistance,  as  we  shall  see.  Electro-magnets  when  so  used  are 
known  as  "  choking  (oili." 

Let  us  further  consider  the  curves  in  Fig.  iia.  Suppose  we 
multiply  the  current  and  e.m.f.  together  for  several  instantaneous 
values,  and  so  obtain  the  instantaneous  value  of  the  power  at 
these  times,  we  notice  that  at  certain  parts  of  each  cycle,  viz.,  at 
a  and  b  between  the  dotted  lines,  we  have  a  -  current  and  +  e.m.f., 
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and  again  a  +  current  and  -cm.f.,  the  product  of  which  gives 
us  negative  power  in  both  cases ;  and  to  get  the  true  power  ab- 
sorbed in  the  cycle,  we  must  deduct  the  negative  power  from  the 
positive  power.  Fig.  213  shows  by  the  sectioned  curve  the  power 
in  such  a  circuit.  The  part  of  the  curve  above  the  horizontal  line 
is  +  power,  for  the  product  of  -(-current  and  -He.m,f.,  or  -current 
and  — e.m.f,,  gives  +power.  The  part  below  the  horizontal  re- 
presents the  amount  of  negative  power  to  be  deducted  from  the 
positive  power  in  the  cycle,  for  at  these  times  the  dynamo  is  not 
supplying  power  to  the  circuit,  but  the  circuit,  in  demagnetising,  is 
driving  the  current  through  the  dynamo  in  direct  opposition  to 
the  e.m.f.  induced  by  it,  and  is  therefore  helping  to  drive  it  as  a 


F[g,  213- 

motor.  Therefore  out  of  the  apparent  power  in  the  circuit  part 
goes  to  light  the  lamps,  and  part  is  returned  to  the  dynamo. 
This  latter  is  known  as  the  "  wattless  component" 

The  current  in  all  such  circuits  can  be  conveniently  considered 
to  be  made  up  of  two  component  parts  at  right  angles — (i)  That 
required  to  provide  the  c^R  energy,  called  the  "  load  "  component ; 
and  (1)  that  to  provide  the  magnetisation  or  "wattless"  com- 
ponent, for  the  energy  spent  in  magnetising  the  circuit  is  seen  to 
be  returned  to  the  dynamo. 

It  is  evident  that  the  current  can  never  lag  by  so  much  as  90', 
that  is  to  say,  the  current  can  never  lag  behind  the  e.m.f.  for  so 
much  as  quarter  of  a  cycle,  for  then  the  whole  of  the  power 
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supplied  lo  ihe  circuit  would  be  relumed  to  the  dynamo,  as  seen 
by  the  curve.  Fig.  a  14,  and  we  should  then  get  wattless  currents 
surging  tmckward  and  forward  without  any  loss  whatever,  which  is 
just  as  impossible  as  it  is  to  get  any  circuit  without  resistance,  and 
therefore  of  the  power  supplied  the  positive  must  in  every  case 
be  in  excess  of  the  negative,  if  only  to  make  up  for  the  c*r  loss. 
The  resistance  of  the  circuit  may  in  special  cases  be  very  small, 
but  there  must  be  some.  There  will  also  be  a  magnetic  hysteresis 
loss  in  every  case  where  iron  is  employed,  and  there  may  be  a 
slight  eddy  current  loss,  though  this  can  be  made  very  small  by 
sufficiently  laminating  the  iron.  There  is  also  a  loss  due  to 
h}-steresis  in  the  insulating  material,  or  "  dieleetrk,"  as  it  is  often 
called,  of  the  cables,  for  these  act  as  condensers  being  continuously 


charged  and  discharged,  as  pointed  out  on  page  190,  but  we  will 
neglect  this  for  the  present,  and  consider  it  in  detail  later. 

To  get  quite  clear  on  this  point,  let  us  suppose  a  circuit  in 
which  the  mains  are  connected  by  a  large  choking  coil  only,  the 
whole  circuit  having  a  resistance  of  say  2  ohms,  and  that  at  this 
time  the  voltmeter  reads  1,000  volts  and  the  ammeter  3  amperes. 
Apparently  the  power  in  the  circuit=  looox  3  =  3000  watts;  but 
as  the  current  is  largely  out  of  phase  or  wattless,  a  large  proportion 
of  the  apparent  power  is  returned  to  the  dynamo.  In  this  case, 
the  resisiance  being  2  ohms,  c'r  is  equal  to  3*  x  2  =  1 8  watts. 
The  hysteresis  loss  depends  on  the  amount  of  iron  being  mag- 
netised, on  the  frequency,  and  on  the  magnetic  density  employed. 
If,  for  simplicity,  we  neglect  this,  and  also  the  other  small  losses 


i^iCooc^lc 


ALTERNATING   CVRkENTS.  33? 

mentioned  abov^  out  of  the  apparent  3,000  watts  supplied  to  the 
circuit,  18  watts  are  being  absorbed,  and  3,98a  watts  are  returned 
to  the  dynamo.  The  ratio  between  the  true  power=i8  watts, 
and  the  apparent  power  '^  3000  watts,  is  called  the  "  power  factor." 

This  in  our  case  is  equal  to =.006.     It  is  the  number  by 

3000 
which  the  product  of  ammeter  and  voltmeter  readings  must  be 
multiplied  lo  give  us  the  true  power. 

The  current  flowing  in  the  circuit,  whether  it  be  in  or  out 
of  phase  with  the  e.m.f.,  is  indicated  by  the  ammeter.  Suppose 
the  whole  of  the  3  amperes,  as  read  on  the  ammeter,  were 
in  phase  with  the  e.m.f.,  then  we  could  apply  Ohm's  law  to 
the  circuit,  and  its  resistance  would  be  equal  to  -» =  333-3 

ohms.  In  this  case  the  whole  of  the  power  is  positive  and  equal 
to  c*R  =  3'x  333.3  =  3000  watts;  and  the  more  we  bring  the 
current  and  e.m.f.  into  phase,  the  more  energy  we  are  utilising  in 
the  circuit,  and  the  less  we  get  returned  to  the  dynamo  to  motor 
it.  Let  us  go  back  to  the  original  case  where  the  circuit  contains 
a  large  choking  coil,  the  circuit  having  a  resistance  of  a  ohms, 
the  current  flowing  being  3  amperes  at  r,aoo  volts.  Supposing 
such  an  experiment  to  be  practically  possible,  if  we  slowly  unwind 
the  coil  without  disconnecting  it  in  any  way,  stretching  the  wire 
straight  as  we  proceed,  we  shall  find  the  current  slowly  increasing 
in  value,  and  coming  more  and  more  into  phase,  till  when  it  is 
all  unwound  and  stretched  straight,  the  current  flowing  will  be 
v_Ei =500  amperes  instead  of  the  original  3  amperes,  and 

the  power  absorbed,  not  t8  watts,  nor  even  the  original  apparent 
3,000  watts,  but  ex  v  =  5oox  1000  =  500000  watts.  It  therefore 
follows  that  the  3  amperes  as  read  on  the  ammeter  when  the 
current  is  largely  out  of  phase  is  loading  the  dynamo  to  the 
extent  of  c*s,  that  is,  so  much  power  is  going  to  heat  up  the 
dynamo  conductors  (where  R  is  the  resistance  of  the  dynamo), 
and  therefore  a  larger  plant  is  necessary  than  would  otherwise  be 
the  case,  for  the  heating  effect  on  the  dynamo  conductors  will  be 
the  same  whether  the  current  be  in  phase  or  out  of  phase.  But 
the  engine  driving  the  alternator  will  be  transmitting  to  it  power 
corresponding  to  18  watts  when  the  current  is  out  of  phase,  and 
3,000  watts  when  in  phase,  for  the  same  heating  of  the  dynama 


i^iCooc^lc 


338  MIECTHICAL  ENGINEERING. 

It  is  therefore  possible  (and  it  would  often  happen  in  practice  if 
it  were  not  counteracted  in  ways  we  shall  consider  later)  to  have 
the  alternator  fully  loaded — that  depending  on  the  heating  limits 
of  the  machine — ^nhile  the  engine  driving  it  is  only  partially 
loaded,  consequently  (he  wattless  currents,  though  not  leading  to 
a  direct  loss  of  energy,  necessitate  a  tai^er  plant  than  would  be 
required  if  the  current  were  alaays  in  phase,  and  this  is  the 
reason  why  the  station  engineer  is  anxious  to  keep  down  the 
wattless  component  as  much  as  possible. 

A  question  often  asked  by  banners  is.  Does  the  supply  meter 
register  the  negative  power,  oi  does  the  consumer  pay  for  real 
power  only  ?  This  depends  on  the  type  of  meter.  If  it  be  a 
quantity,  or  ampere-hour  meter,  it  does,  for  it  matters  not  whether 
the  current  be  in  or  out  of  phase  if  the  meter  simply  re^sters 
ampere  hours,  and  in  that  case  the  consumer  will  have  to  pay 
for  the  apparent  power,  a  large  proportion  of  which,  at  times,  is 
returned  to  the  station.  Jf  the  meter  be  an  energy  meter  or  a 
watt-hour  meter,  well  designed,  so  that  the  resistance  of  the  shunt 
circuit  is  very  high,  and  its  inductive  effect  negligibly  small  in 
comparison,  such  as  the  Thomson-Houston  or  Aron  meter,  then 
it  roisters  true  power  only,  for  if  the  current  be  out  of  phase  with 
the  e.m.f.  the  driving  torque  is  less. 

Fig.  115  gives  a  vector  diagram,  in  which  the  fine  line  ab 
represents  by  its  length  the  maximum  value  of  the  e.m.f.,  the  thick 
line  AC  in  the  same  way  representing  the  value  of  the  current 
lagging  behind  the  e.m.f.  through  any  angle  less  than  90',  say  a. 
The  instantaneous  value  of  the  power  is  obtained  by  projecting 
the  e.m.f.  and  current  on  to  the  vertical  and  taking  the  product  of 
the  two.  If  we  consider  the  time  when  the  e.m.f.  has  its  maximum 
value  so  as  to  coincide  with  the  vertical,  then  by  projecting  the 
current  line  on  to  the  vertical  we  get  "ad,"  the  component  of  the 
current  in  phase  with  the  e.m.f.,  and  the  product  of  the  two  gives 
us  the  instantaneous  value  of  the  power. 

But  how  are  we  to  measure  the  value  ad?  It  will  be  re- 
membered that  AC  multiplied  by  the  cosine  of  the  angle  gives  us 
AD,  and  therefore  the  power  in  such  a  circuit  is  obtained  by 
multiplying  together  the  e.m.f.,  the  current,  and  the  cosine  of  the 
angle  of  lag  between  them,  or,  power  in  watts  =  v  x  a  >«  cos  a,  for 
the  same  will  be  true  if  we  lake  effective  values  for  the  e.m.f.  and 
current,  as  read  on  the  voltmeter  and  ammeter.    The  last  factor, 
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"cos  a,"  is  the  value  spoken  of  earlier  as  the  "power  factor,"  for 
it  is  the  factor  to  be  used  in  determining  the  true  power,  and 
is  equal  to  the  true  power  divided  by  the  apparent  power.  If 
the  power  factor  be  very  small,  there  is  a  large  angle  of  lag  and  a 
large  wattless  component,  and  the  engineer  is  always  anxious  to 
keep  his  power  factor  as  near  unity  as  possible  for  reasons  already 
given. 

The  e.m.r.  in  such  a  circuit  as  we  have  seen  may  be  supposed 
to  be  made  up  of  two  components  al  right  angles — (i)  The  power 


component,  or  that  which  supplies  the  true  power  in  the  circuit  or 
the  Ri  component  (i  being  the  usual  symbol  employed  for  the 
current  in  alternating  current  work,  "c"  being  often  used  for 
capacity);*  and  (a)  the  component  required  to  overcome  the  back 
e.m,f.  induced  in  the  circuit  This  back  e.m.f.  is  proportional  to 
the  rate  of  cutting  lines  of  force  in  the  circuit,  and  may  therefore 
be  symbolised  by  "  w  "  =  STrnLi,  an-n  is  a  measure  of  the  angular 
velocity  of  the  periodically  changing  current,  measured  in  radians 
per  second  {«  being  the  number  of  periods  per  second).  "  l  "  is 
the  inductance  or  the  co-efficient  of  self-induction  of  the  circuit 
measured  in  "  henries,"  and  represents  the  number  of  interlinkings 
of  lines  and  turns  in  the  circuit  produced  by  a  current  of  i  ampere. 


•  We  shall  in  future  in 


It  reserving  c  for  capacity. 
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[00,000,000  such  interlinkings  produced  by  i  ampere  would  be 
called  I  "  henry,"  that  being  ihe  name  given  to  the  practical  unit 
of  self-induction.  The  product  l  x  i  is  therefore  equal  to  the  total 
number  of  lines  of  force  multiplied  by  the  total  turns  of  the 
circuit  through  which  they  interlink  or  cut,  divided  by  lo*,  and 
j«l  is  the  rate  at  which  they  interlink  or  cut,  and  therefore  zvn 
(li)  is  simply  telling  us  the  rate  of  cutting  lines  of  force  in  the 
circuit,  divided  by  lo^  which,  as  we  have  already  seen  (page  67),  is 
the  value  of  the  back  e.m.f.  in  volts  induced  in  the  circuit.  When 
a  current  flows,  part  of  the  impressed  e.m.f.  may  he  considered  to 
be  neutralised  by  this  self-induced  back  e.m.f.,  and  the  amount 
required  for  this  in  any  circuit  =  2t«li. 

Consider  Fig.  316.    Suppose  the  vector  ab  to  represent  the  ri 


Fig.  817- 


or  load  component  of  the  e,m.f.  drawn  to  any  convenient  scale. 
We  can  draw  to  the  same  scale  another  vector  at  right  angles  to 
this  having  a  value  2»-«li.  This  is  shown  by  the  line  ac,  and 
represents  the  e.m.f.  required  to  overcome  the  self-induced  e.m.f. 
of  the  circuit.  The  resultant  of  the  two  is  obtained  by  completing 
the  parallelogram  and  drawing  the  diagonal  ad  which  represents 
the  impressed  e.m.f.  in  the  circuit,  and  the  angle  "a"  represents 
the  angle  of  lag. 

Take  another  case.  Fig.  217.  Let  ab  represent  the  value  of 
the  current  lagging  behind  the  e.m.f.  through  any  angle,  say  ff°, 
we  may  cut  off  a  portion  ac  equal  to  Ri  (r  in  this  case  being  less 
than  unity),  and  draw  a  line  at  right  angles  to  ac  to  cut  off  ad, 
which  gives  us  the  value  of  the  impressed  crn.f.  By  completing 
the  parallelogram  we  get  ae  equal  to  iicniA,  and  the  more  the 
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current  is  in  phase  the  larger  will  be  the  Ri  or  power  component, 
and  the  smaller  will  be  the  idle  or  wattless  component.  The 
length  of  the  line  cd  is  equal  to  the  length  ab,  and  therefore  we 
have  a  right-angled  triangle  representing  by  the  length  of  the 
hypotenuse  ad,  the  impressed  e.m.f.,  by  the  base  ac,  the  power 
component  =  Ri,  while  the  wattless  component  =  zirnu  is  repre- 
sented by  the  perpendicular  cd  as  shown  separately  in  Fig.  217. 

The  triangle  being  right-angled,  we  have  ad  =  ^ac^  ■¥  cd^  (as 
proved,  Euclid  I.  47),  and  therefore  ad  =  ^ri^  -t-  {i-^nuf,  1  being 
a  common  factor,  we  can  put  it  outside  as  a  multiplier,  thus — 

AD  =  I  ^rS  -(-  (zirnT.)* 
Therefore  the  impressed  e.m.f.  (  =  ad)  is  equal  to  the  current 
multiplied  by  ^R'-i-(zir«L)^.     The  value  ^R^-^(2a■^L)*  is  known 
as  the  impedance  of  the  circuit,  for  it  is  that  which  impedes  the 


flow  of  the  current,  while  the  value  ztkl  is  often  called  the 
reactance,  for  that  quantity  reacts  on  the  circuit  gi"ing  rise  to  a 
back  e.m.f.  In  direct  current  work  we  had  only  the  resistance 
to  consider,  but  in  alternating  current  work  there  is  also  the 
reactance  of  the  circuit  to  be  considered,  and  both  tend  to 
impede  the  flow  of  the  current,  the  total  impedance  being  the 
vecloral  sum  of  the  two,  that  is,  the  square  root  of  the  sum  of  the 
squares,  as  we  have  just  seen  by  our  vector  diagram.    The  current 

is  therefore  not  equal  to  -■,  but  to  = t =  "  ,   »  .  ,        ,■ 

^  k'  mipedance     V''  +{*"'''l) 

eitcept  in  the  case  where  the  resistance  of  the  circuit  is  very  large 
compared  with  the  reactance. 

Q.  A  aoo  c.p.  lamp   requires  a  current  of  4  amperes  at 
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200  \-olts.     The  supply  is  alternating  with  a  frequency  of  6o~ 
and  250  volts.     To  provide  the  required  voltage  on  the  lamp,, 
terminals  a  choking  coil  is  inserted  in  its  circuit.    Calculate  the 
coefficient  of  self-induction  in  henries  of  the  choking  coil. 

Fig.  aiS  shows  the  arrangement  of  the  circuit,  while  Fig.  219 
gives  a  vector  diagram  of  the  components  of  the  impressed  e.m.f. 
The  impressed  e.m.f.  =  E=  ^/ri*  +  (ix-»li)' 
Therefore  e'  =  Ri*  +  (iirwLl)* 
Therefore  (ar«Li)*  -  e*  -  El*  =  250*  -  (50  x  4)* 
{the  resistance  being  obtained  by  dividing  the  e.m.f.  on  the  lamp 
by  the  current  through  it). 

Therefore  (2ir«Li^=62Soo  -  40000=  22500 
Therefore  2«-iili=  ^22500- iso  =  e.m.f.  on  choking  coil. 

Therefore  L  =  - — ^^ =■  -'^°    =  .09  henry. 

an-x6ox4     1507. 1 

It  will  be  noticed  that  the  e.m.f.  of  the  mains  ( =  350  voks)  is 
less  than  the  sum  of  the  e.m.f.'s  on  the  choking  coil  and  lamp, 
and  therefore  the  product  of  the  current  and  e.m.f.  in  the  case  of 
the  choking  coil  does  not  give  the  power  absorbed  by  it,  for  the 
current  in  it  is  largely  out  of 
phase  with  its  e.m.f.    How  then 
can  we  measure  the  true  power 
taken  by  an  inductive  resistance 
coil  or  other  apparatus  produc- 
ing a  low  power  factor  ?    It  can 
be  done  in  one  or  two  ways. 
"  "  '■  First  we  may  use  a  watt-meter 

Powtr  CompoMxt  ^^j^  ^^^  ^^^^j   ^.^j,   j^  ^^^ 

rig.  219.  j^pj  [jjg  pressure  coil  as  a  shunt 

on  the  inductive  resistance,  and 
if  the  instrument  be  well  made,  having  a  high  resistance  in  the 
shunt  circuit  and  a  low  coefficient  of  self-induction,  so  that  the 
current  flowing  in  this  circuit  is  practically  in  phase  with  the 
pressure,  it  will  indicate  the  true  power  which  can  be  read  on  the 
scale  in  the  same  way  as  an  ordinary  ammeter  or  voltmeter  reading, 
and  this  is  the  usual  method  adopted.  The  Thomson-Houston 
watt-hour  meter,  with  the  maximum  demand  indicator  catch  held 
off,  forms  a  wattmeter,  the  pointer  indicating  power  absorbed  at 
any  instant,  as  explained  on  page  156.  There  is,  however,  another 
method  which  involves  the  use  of  a  voltmeter  only.      (Strictly 
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speaking,  three  voltmeters  should  be  employed  and  read  simul- 
taneously, but  if  a  steady  current  is  indicated  on  the  ammeter,  one 
voltmeter  applied  to  the  three  points  separately,  and  readings 
taken  on  each,  will  in  practice  suffice  for  most  purposes.) 

Let  us  take  the  case  of  an  alternating  current  motor  at 
work.  If  we  require  to  know  the  true  power  it  absorbs,  we  may 
join  in  its  circuit  a  non-inductive  resistance,  such  as  a  liquid 
resistance,  or  wire  wound  in  zig-zag  fashion  so  as  to  have 
little  or  no  mc^netisability.  Now  measure  the  fd  across  the 
mains,  call  this  Vj.  Measure  also  the  pd  on  the  motor  terminals 
^■Vj,  and  also  on  the  terminals  of  the  non-inductive  resistance 
=  Vj,  as  shown  in  the  diagram,  Fig.  220.  Now  the  current  and 
voltage  are  practically  in  phase  in  the  non-inductive  resistance,  and 


therefore  the  product  Vj  x  i  gives  us  the  power  absorbed  in  it 
But  in  the  motor  we  shall  have  an  angle  of  lag  between  them, 
and  the  load  component  of  the  e.m.f.,  or  the  component  which 
may  be  considered  in  phase  with  the  current,  is  equal  to — 


By  multiplying  this  into  the  current  we  get  the  value  of  the 
true  power  in  watts.  Suppose,  in  a  particular  case,  Vg-ioo, 
v,  =  8o,  and  Vj  =  3o  volts,  the  ammeter  reading  35  amperes,  then 
the  true  power  taken  by  the  motor  =  35  x  [-^ i J- \ 

Apparently  the  power  absorbed  by  the  motor  =  35x80=  2800 
watts,  and  therefore  the  power  factor  =  ^^|^  =.56. 
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The  cosine  of  the  angle  of  lag  =  .56  =  cos  of  55°  54'.  There- 
fore the  angle  of  lag  =  56°  nearly. 

Perhaps  it  would  be  as  well  to  point  out  the  method  of 
arrifing  at  the  above  formula.  Take  a  revolving  vector  ~v^ 
Fig.  3JI,  and  another  =  v*.  The  projection  of  this  on  to  the 
vertical  at  any  instant  gives  us  x,  the  load  component  of  the 
e.m.f.  Now  Vj  is  in  phase  all  the  time,  and  therefore  if  we  swing 
it  vertically  from  the  vertical  till  it  connects  Vg  and  Vg,  we  have 
the  proper  relation  existing  between  them  when  projected  on  the 
vertical    Calling  the  base  of  the  two  triangles  "  B  "  (for  they  are 


Fig.  3zt. 


equal),  we  have  b'  =  Vj'-«*,  and  also  B'=Vj*-(Vi  +  ar)^.  By 
squaring  v,  +  3:  we  get  B'=Vj*-(V]*  +  2V,ar  +  a:*),  and  by  taking 
out  the  bracket  B*  =  v,'  -  v,*  -  avjjc  -  .t*. 

Therefore  y^-x^  =  Vg»  -  y-^  -  2V,«  -  x^ 
„         v»         -.v«-v»-2V,;.: 


iv,a 


=  ia_j: 


12_I 


If  the  inductive  and  non-inductive  resistances  be  connected  in 
parallel,  we  may  obtain  the  power  in  the  inductive  resistance  by 
taking  three  ammeter  readings— (i)  That  in  the  non-inductive  re- 
sistance ;  {2)  that  in  the  inductive  resistance  ;  and  (3)  that  in  the 
main  circuit. 

The  component  of  (2)  in  phase  with  the  e.m.f.  is  then  equal 


XoJt-^ 


;  and  the  power  absorbed  by  it  is  therefore 
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The  non-inductive  resistance  R  is  equal  to  -,  and  therefore  we 
can  write — 

Power  absorbed  =  -  (ig*  - 1^  —  i^) 

It  was  pointed  out  on  page  190  that  a  cable  forms  a  condenser, 
and  that  if  we  connect  the  core  of  the  cable  to  one  pole  of  a 
battery  and  the  outer  conductor,  i.e.,  the  earth,  to  the  other  pole, 
a  quantity  of  electricity  immediately  flows  into  the  cable  to  charge 
it  up.  If  the  connection  be  maintained,  part  of  the  charge  pene- 
trates into  the  insulation,  and  it  requires  a  certain  short  time  to 
leak  out  again.  This  effect  is  of  great  importance  in  alternating 
current  work,  for  the  cables  are  being  charged  and  discharged  at 
each  alternation,  and  the  insulation  or  ditUdric  hysteresis,  due 
to  the  chaise  penetrating,  may  in  special  cases  cause  a  fairly 
large  amount  of  waste  energy,  unless  precautions  be  taken  to 
counteract  it. 

Frequently  a  certain  amount  of  capacity  is  desirable,  and 
specially  constructed  condensers  are  often  employed  to  increase 
the  effect.  The  reason  for  this  Ls  that  the  capacity  effect  is  just 
opposed  to  the  self-induction  effect,  and  can  be  made  to,  as  it 
were,  wipe  out  the  angle  of  1^  in  a  circuit,  and  so  improve  the 
power  factor.  This  is  due  to  the  fact  that  a  condenser  current 
leads  in  relation  to  the  e.m.f.,  that  is  to  say,  the  current  flowing 
into  and  out  of  a  condenser  is  in  advance  of  the  e.m.f.,  which  is 
just  the  opposite  to  what  we  find  due  to  tlie  self-induction  of  the 
circuit. 

The  quantity  of  electricity  "  q  "  passing  into  a  condenser  is 
equal  to  ec,  page  190,  where  e  is  the  potential  difference  on  its 
terminals,  and  c  the  capacity  of  the  condenser.  Now  the  current, 
when  alternating,  is  measured  by  the  rate  of  change  of  the 
quantity,  and  therefore  the  current  flowing  into  and  out  of  the 
condenser=ie=  2T«Q=  js-flCE,  for  this  is  a  measure  of  the  rate  of 
change  of  the  quantity,  in  the  same  way  that  zirnxA  was  seen  to  be 
the  rate  of  change  of  the  flux. 

If  we  draw  a  revolving  vector  to  represent  the  impressed  cm. I., 
we  may  represent  Q  in  phase  with  B  by  a  vector  of  length  EC 
The  capacity  current  is  then  represented  by  a  vector  90*  in 
advance  of  e,  for  the  rate  of  change  of  Q  is  greatest  when  E  is 
nought. 
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It  is  often  difficult  for  the  student  to  see  how  it  is  possible  for 
the  capacity  current  to  be  in  advance  of  the  e.m.f.,  but  perhaps 
the  following  somewhat  crude  analogy  may  assist  him  a  little. 
Imagine  a  steam  engine  at  work,  having  a  small  exhaust  pipe, 
with  many  bends  and  twists  finally  opening  to  the  atmosphere. 
In  this  case  there  is  a  back  pressure  in  the  exhaust  pipe,  and  the 
current  of  steam  in  it  is  always  lagging  behind  the  steam  pressure 
in  the  cylinder.  But  imagine  in  another  case  that  the  exhaust 
pipe  be  short,  and  of  large  bore,  leading  directly  to  a  steam  con- 
denser. Immediately  the  exhaust  valve  opens  there  will  be  a 
current  of  steam  in  advance  of  the  pressure  in  the  cylinder,  for 
the  steam  will  be,  as  it  were,  sucked  forward,  apart  altogether 
ftom  any  steam  pressure. 

We  may  connect  a  condenser  into  Ihe  circuit  in  different 
ways.     It   may   be   put    in    series   or   in    parallel  with  either   a 


non-inductive  or  an  inductive  resistance,  or  with  both,  and  in 
each  case  the  result  is  different.  It  was  pointed  out  on  page  336, 
that  if  we  could  get  a  circuit  having  inductance  only  and  no 
resistance,  the  current  would  lag  by  90°.  In  the  same  way, 
if  we  could  get  a  circuit  having  capacity  only,  the  current 
would  lead  by  90',  and  as  it  was  seen  to  be  impossible  in  the 
one  case,  so  is  it  impossible  in  the  other.  In  special  cases, 
where  the  resistance  is  very  small,  it  is  possible  to  get  near  to  it, 
and  the  effects  produced  by  the  interaction  of  inductance  and 
capacity  on  low  resistance  circuits  are  often  peculiar  and  trouble- 
some, as  we  shall  see.     If  we  consider  the  circuit  as  having 


inductance  only,  ther 


aiTffL 


ind  therefore  ^.=•2: 


[,  and  in 
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the  same  way  if  we  consider  the  circuit  as  having  capacity  only, 

E  I 

then  ie-air«cF.=     1   ,  and  therefore  E=74z-    'f  the  circuit 


has  both  inductance  and  capacity,  then 


-■K" 


and  E  =  i. /( sirwL I.    But  as  every  circuit   must   have 

some  resistance,  the  usual  expression  for  the  current  is 


which  is  the  vedoral  sum  of  three  components,  and  therefore 
E=»i. /r*+  (  aT«L ) 

V  \  2a-«C/ 

Let  us  take  as  illustration  an  inductive  resistance  in  series 
with  a  condenser.  The  impressed  e.m.f.  may  be  considered  as 
made  up  of  three  component  parts — (i)  The  load  component;  (a) 
that  required  for  overcoming  the  self -induced  e.m.f.;  and  (3)  that 
required  for  the  condenser  current— the  last  two  being  opposed 
to  each  other.  To  represent  this  by  revolving  vectors  (Fig,  222) 
we  must  first  draw  a  vector  ab  of  length  =  i  —  maximum  value  of  the 
current;  then  cut  off  a  length  aorxi,  the  load  component. 
The  reactance  component  airnLi  is  90°  behind  this,  and  there- 
fore if  we  draw  a  line  at  go°  to  the  load  component  we  can  cut 
off  a  length  ad  =  reactance  component.    The  capacity  component 

■"  — ~  is  90'  in  advance  of  the  load  component,  and  so  we  must 

draw  a  line  ae  =  - — -  at  180*  from  the  reactance  component. 
The  impressed  e.m.f.  is  the  vectoral  sum  of  these  three  components, 
to  find  which  we  must  first  deduct  the  capacity  component  from 
the  reactance  component  (or  vice  vend,  according  to  which  has 
the  greater  magnitude),  and  then  find  the  resultant  by  completing 
the  parallelc^am  and  drawing  the  diagonal.  In  our  case  af 
represents  the  difference  between  the  reactance  and  capacity 
components,  and  the  diagonal  AG  represents  the  maximum  value 
of  the  impressed  e.m.f.,  while  the  angle  of  lag  — bag.     Ii   the 
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capacity  component  had  been  larger  than  the  reactance  component, 
we  should  have  had  an  angle  of  l<ai  instead  of  bg,  and  when  the 
two  components  are  equal  the  power  factor  is  unity.  When  we 
examine  this  diagram,  we  notice  that  the  line  cg  is  equal  to  ap, 
)>,,  to  AD  -  AK.     Therefore  the  impressed  e.m.f,  =  ac  is  equal  to — 


.J?S?  +  CG* 


and  therefore 


V"'-^('""-^c)' 

V  \  2Trfic/ 

AG  (or  impressed  e.m.f.) 


and  I  is  then  equal  to  -. 

R 

There  are  four  possible  cases  occurring  in  practice.  The  con- 
denser may  be  connected  (i)  in  series,  or  (2)  in  parallel  with  a 
non-inductive  resistance,  or  it  may  be  connected  {3)  in  series,  or 
(4)  in  parallel  with  an  inductive  resistance.  \Ve  will  take  figures, 
and  consider  each  case  separately. 

Suppose  the  capacity  be  say  10  microfarad5  =  ,t>oot>i  farad, 
the  non-inductive  resistance  150  ohms  and  the  inductive  resistance 
also  150  ohms  and  -s  henry,  while  the  impressed  e.m.f.  be  2,000 
volts,  80  cycles.  What  is  the  value  of  the  current  flowing  in  the 
mains  and  the  fd  across  the  resistance  and  the  condenser  in 
each  case  ? 

Case  I. 


■Qp- 


The  PD  on  the  ends  of  the  resistance  =  i  x  r  (Ohm 
The  PD  on  the  condenser  terminals  =■  e^  = 


;  law). 


The  PD  across  the  mains  is  the  vectoral  sum  of  these  two 
voltages. 
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Therefore  2000=  .  /ir^h-  f ) 

V  \2vnd 

Therefor.  ,000  .  ,^^'^  {^" ^       

Therefore  2000  =  1  .  /i5o^+  ( ) 

V  Vairx  Sox. 00001/ 

Therefore  I       =       /~    ,     /  ~i  \*=- 


,2ff  X  bo  X  .00001/ 
The  PD  across  the  resistance  =  i  xr  =  8x  15001300  volts. 

The  PD  across  the  condenser  =  —  ■  =    ■  ■—    ■  =  1591  volts. 
2imc     .005026 

Case  2. 


The  current  in  the  non-inductive  resistance  is  equal  to — 

E      20  00 

!«"■-  = =  13.3  amperes. 

The  current  in  the  condenser  will  be  90°  ahead  of  this,  and 
is  e<]ual  to  ic  =  ajTBCE. 

Therefore  ic  =  6.28  x  Sox  .00001  x  aooo=  10  amperes  practi- 
cally. 

The  current  flowing  in  the  mains  is  the  vectoral  sum  of 
the  two. 

Therefore  current  In  mains  =  ^13.3- -no-*  16.6  amperes. 

The  PD  across  the  resistance  and  the  condenser  is  of  course 
the  same  =  aooo  volts. 

Note — A  certain  amount  of  inductance  in  R  would  reduce  the 
value  of  the  current  flawing  in  the  mains  by  neutralising  the 
capacity  current. 
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Case  3. 

'I"he  PD  across  the  condenser  -.  e  =■  - 


-  and  the  cunent  is  90* 


in  advance  or  e. 

The  voltage  across  the  inductive  resistance  alone 

That  is  to  say,  it  is  made  up  of  two  components — (r)  The  power 
component  urging  the  current  through  the  resistance ;  and  (2)  that 


-wm- 

I _0fa 


required  to  overcome  the  self-induced  e.m.f.  of  the  coil.     The 
capacity  component  is  opposed  to  the  self-induced  e.m.f. 

The  impressed  voltage  is  the  vectoral  sum  of  the  three  com- 
ponents, or — 


.00O-yK.+  (.™L--i-)' 

JOOO 

■""""»'"' V-'^H-ji-c)' 

:ooo 

^■So't    .5,.3- 

1  -  V!isoo  +  >73S 

Note. — Suppose  in  this  case  we  put  the  inductive  resistance 
only  in  the  circuit,  then — 

I"    I  ,-   ,   - — -"    , —  -  :  =  6.8  amperes. 

.JiC'  +  {27rni.f      N/i5o*4-asi.3«  "^ 
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This  current  would  be  lagging  behind  the  impressed  e.m.f.,  so 
that  the  cosine  of  the  angle  of  lag  or  the  "  power  factor  " 
[1  power         I'^R 


IR 


apparent  power 

-.51  =cosme  of  59   20. 


E  1000 

If  the  condenser  alone  be  in  the  circuit,  then — 

lc  =  z»raCE=. 005024  X  2000=  10  amperes, 
'ilierefore  the  two  in  series  cause  a  larger  current  in  the  mains 
than  either  taken  separately. 

The  PD  across  the  inductive  resistance 
=  1  VR"  +  (i"""!-)" 
='i2.65x  Vi5o-  +  25i.3^ 
=  12.65  "^  292-66  =  3702  volts. 
The  PD  across  the  condenser  terminals 

L=^»6^  =  «,7volts 

2T»C       .005026  ^ 

so  that  by  putting  a  condenser  in  series  with  an  inductive  re- 
sistance we  increase  the  cunent  in  the  mains,  and  also  the  pd 
on  the  terminals  of  the  inductive  resistance. 
Case  4. 


This  is  |)erhaps  the  most  difficult  case,  for  we  have  to  take 
account  of  the  angle  of  lag  in  the  inductive  resistance. 
The  current  through  the  inductive  resistance 


The  cosine  of  the  angle  of  lag  =  —  = 


=  6.8  amperes. 


6.8xiso_ 


■51 


2000 

of  59°.     Therefore  the  angle  of  lag  of  this  current  behind  the 
impressed  e.m.f.  =  59°. 
The  condenser  current 

='2xj(CK=zffx  Sox. 00001  X  aooo=  10  amperes 
90'  in  advance  of  the  impressed  e.m.f 
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Now  the  current  through  the  inductive  resistance  can  be 
supposed  to  be  the  resultant  of  the  load  component  and  the 
wattless  component,  which  will  be  neutralised  more  or  less 
completely  by  the  capacity  current.  We  may  imagine  by  way 
of  illustration  that  the  coil  has  a  very  small  resistance,  and  that 
its  inductance  or  the  condenser  capacity  is  adjusted,  so  that  the 
two  are,  as  it  were,  perfectly  turned,  then  a  current  will  flow  into 
the  condenser  and  raise  the  pd  on  its  terminals,  and  this  current 
will  be  90°  in  advance  of  the  impressed  e.m.f.  Half  a  period 
later  a  current  will  be  flowing  through  the  inductance  coil,  but 
this  is  just  the  time  the  condenser  is  discharging,  and  it  therefore 
discharges  through  the  inductance  coil.  The  operation  is  now 
reversed.  We  get  a  self-induced  e.m.f.,  which,  owing  to  the 
condenser  being  discharged  at  this  instant,  allows  of  a  current 
flowing  into  it  to  charge  it  up  once  more.  In  this  way  we  may 
have  very  large  currents  surging  round  the  inductance  coil  and 
condenser,  while  the  current  in  the  mains  is  only  that  required  to 
make  up  for  the  various  small  losses.  This  effect  is  known  as 
"resonance,"  and  in  the  supposed  case  above  we  have  almost 
complete  resonance.  Complete  resonance,  however,  is  practically 
impossible,  for  we  cannot  have  any  circuit  without  resistance,  and 
therefore  some  power  must  be  absorbed. 

Some  important  effects  are  sometimes  produced  due  to 
resonance,  leading  to  a  breakdown  in  the  insulation  of  the  cables 
if  they  are  not  safi^uarded,  as  will  be  seen  by  considering  the 
following. 

Suppose  an  e.m.f.  be  applied  to  a  circuit  for  an  instant,  a 
current  is  started  which  surges  backward  and  forward  till  damped 
out  by  the  i*r  and  hysteresis  losses.  The  periodic  time  of 
the  circuit,  or  the  time  of  one  complete  swing  of  the  current 
••t=jir Jlxc,  where  L  is  in  henries  and  c  in  farads,  or 
=  .006*9:^1x0  where  c  is  in  microfarads,  and  therefore  the 
natural  periodic  time  of  any  circuit  depends  on  the  nature  of  the 
circuit,  and  may  be  varied  by  alteriiig  the  capacity  or  inductuice, 
or  both. 

If  the  frequency  of  the  alternating  e.m.f.  has  any  synchronous 
relation  to  the  natural  periodic  time  of  the  circuit,  we  get  an 
accumulative  effect  which  causes  what  has  been  technically  called 
"splashing";  the  e.m.f.  rising  to  such  a  high  value  that  the 
insulation  may  break  down  under  it 
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This  effect  will  be  best  understood  by  an  analogy.  Imagine  a 
large  vessel,  such  as  a  bath  filled  with  water.  If  we  give  a  slight 
impulse  to  the  water  at  one  end  of  the  bath,  we  shall  see  a  wave 
pass  along  to  the  other  end  and  then  return.  The  time  taken 
may  be  called  the  natural  periodic  time  of  the  water  circuit.  If 
now  we  continue  to  give  slight  impulses  to  the  water  just  at  the 
time  that  the  wave  is  starting  on  its  outward  journey,  /.«.,  with  a 
frequency  corresponding  to  the  natural  periodic  time,  we  soon 
get  the  wave  increasing  in  size  till  it  splashes  over  the  ends  of  the 
bath.  The  slight  impulses  in  this  case  correspond  to  the  im- 
pressed e.m.f.  with  a  periodicity  equal  to  that  of  the  natural 
periodic  time  of  the  circuit. 

The  wave  length  of  the  fundamental  is,  as  a  rule,  very  great, 
so  that  on  even  the  longest  lines,  only  about  quarter  of  a  single 
wave  appears.  But  we  have  seen  that  the  fundamental  e.m.f, 
wave  is  oflen  accompanied  by  harmonics  of  a  higher  value, 
especially  the  third,  fifth,  and  seventh,  and  in  special  cases  traces 
of  harmonies  up  to  the  fifteenth  may  be  noticed,  and  one  of  these 
may  be  in  complete  synchronous  relation  to  the  natural  periodic 
time  of  the  circuit,  and  give  rise  to  more  or  less  resonance  effect, 
in  which  case  the  capacity  or  inductance  should  be  altered. 

To  prevent  any  dangerous  rise  in  the  e.m.f,  the  feeders  in  high 
potential  distribution  systems  are  often  provided  with  spark  gaps 
between  them  and  earth,  set  at  such  a  distance  apart  that  the 
normal  voltage  is  unable  to  cause  a  spark  to  pass  between  thein, 
but  should  the  e.m.f.  rise  to  some  abnormal  value  due  to  resonance, 
a  spark  passes  across  the  gap  instead  of  piercing  the  insulation, 
thus  forming  as  it  were  a  safety  valve  for  the  cables. 

Returning  to  our  problem,  we  see  it  becomes  necessary  to 
know  what  fraction  of  the  current  in  the  inductive  resistance  may 
be  considered  as  lagging  by  90°,  as  this  will  be  provided  for  fay 
the  leading  condenser  current,  and  will  not  pass  through  the 
mains  at  all. 

Now  the  angle  of  lag  we  have  found  to  be  59*,  and  the  load 
component  of  the  current  in  phase  with  the  impressed  cm.f. 
•°t)tXcos  59*,  the  component  lagging  by  90°  =  in  x  sin  59*,  as 
will  be  seen  at  once  by  considering  a  vector  diagram,  Fig.  223. 
Here  ab  represents  the  value  of  the  e.m.f.,  and  ac  the  current  in 
the  inductive  resi3tince  =  iK>  as  read  on  an  ammeter  lagging 
behind  the  the  e.ni.f.  through  an  angle  of  59°.    This  current 
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phase  with  the  e.m 


can  be  resolved  into  two  components  ad 
and  AE  lagging  by  90°. 


Now  AC  X  cos 
the  e.m.r.,  while  a 


=  AD,  the  component  in  phase  with 
,c  X  ^  =  DC  =  the  component  lagging 


by  90°,  for  DC  is  equal  to  ae. 

The  current  in  the  mains  is  therefore  the  vectoral  sum  of 
three  currents — (1)  The  condenser  current  90°  in  advance  of  the 


impressed  e.m.f. ;  (a)  the  wattless  component   90*  behind  the 
impressed  e-m.f. ;  and  (3)  the  load  component 
Therefore  the  current  in  the  mains 

=>!„=  VOrCos  59°)'  +  (aT«CE-iBsin  59°)^ 
Therefore  i„=  V6.8x.5i)'  +  (io-6.8x.93J' 
Therefore  i„=  V3.468' +  (10-6.324)^ 
Therefore  1.=  ^3.468*  +  3. 676^  =  5.05  amperes. 
It  will  be  noticed  in  this  case  that  the  condenser  is  lai^er 
than  is  required  to  just  neutralise  the  wattless  component  in  the 
inductance   coil.     By  adjusting   its  value  we   may    still  further 
reduce  the  current  in  the  mains.     If  the  condenser  current  is 
to  just  supply  the  wattless  component  in  the  above  case,  then 
2irncE  must  be  equal  to  6.324. 
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Therefore  c  =  -^^-^""- —   „    -°=6.3  microfarads  instead  of  the 
in-RB       1004800         ^ 

10  microfarads  in  our  case.     The  current  in  the  mains  will  then 

be  6.8  X  .51  "3.468  amperes,  with  a  power  factor  of  unity. 

Note. — It  will  be  seen  that  by  placing  a  condenser  in  parallel 
with  an  inductive  resistance  it  may  be  adjusted  so  as  to  supply 
the  idle  component  and  raise  the  power  factor  in  the  mains.  In 
practice  the  condenser  often  consists  of  an  unloaded  over-excited 
synchronous  motor  connected  across  the  mains  in  the  supply 
station,  and  the  adjustment  of  the  capacity  is  effected  by  adjusting 
the  excitation,  as  we  shall  see  presently. 

The  field  created  by  the  current  in  a  conductor  springs  from 
the  centre  as  a  number  of  expanding  rings,  and  therefore  cuts  the 
conductor  in  so  doing ;  and  if  the  conductor  be  large  in  sectional 
area,  a  number  of  the  lines  springing  from  the  CMitre — though 
cutting  that  portion — do  not  cut  the  outer  portions,  as  shown  in 
Fig.  3>4.  With  an  alternating  current,  this  gives  rise  to  a  seV- 
induced  e.m.f.,  as  we  have  seen,  and  the  self-induction  of  the 
centre  portion  of  the  conductor  will  be  greater  than  that  of  the 
outside  portion,  for  the  former  is  cut  by  more  lines  than  the  latter. 
It  therefore  follows  that  the  current  will  grow  in  the  outer  portion 
of  the  conductor  first,  and  then  slowly  diffuse  to  the  centre. 

If  the  periodicity  be  high,  the  self-induction  of  the  centre 
prevents  the  current  from  penetrating  to  any  appreciable  depth  in 
the  conductor,  and  therefore  the  outer  skin,  as  it  were,  is  at  a 
much  higher  current  density  than  might  be  supposed,  and  the 
apparent  resistance  of  the  conductor  is  correspondingly  higher. 
We  might  in  fact  cut  away  the  centre  portions  and  make  no 
difference  in  the  resistance.  This  has  led  to  the  practice  of 
laminating  laige  conductors,  such  as  omnibus  bars  in  alternating 
current  work,  so  as  to  provide  a  larger  surface,  though  it  is  scarcely 
necessary  with  the  frequencies  commonly  employed,  for  at  60 
cycles  per  second  the  resistance  of  a  conductor  \  in.  in  diameter 
is  increased  by  less  than  half  of  1  per  cent.  The  effect,  however, 
is  of  great  importance  where  high  frequencies  are  employed. 
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TRANSFORMERS,  ALTERNATORS,  SYNCHRONOUS 
MOTORS 

One  of  the  chief  reasons  for  emploj'ing  alternating  currents  is 
that  the  pressure  can  be  very  easily  raised  or  lowered  by  alternat- 
ing current  transformers,  which,  when  well  designed,  work  with 
high  efficiency.     It  therefore  becomes  possible  to  transmit  by 
alternating  currents  lar^e  amounts  of  energy  over  great  distances, 
with  a  small  current  through  small  conductors,  by  generating 
direct  or  transforming  up 
Primary  I  to  some  high  pressure  for 

-------  I  transmission,  and  then, 

at  the  further  end  of  the 

line,  transforming  down 

again  in  one  or  more 

steps   to    the    required 

voltage.       The    power 

transmitted  =  v  x  a,  and 

if  V  be  large,  A  will  be 

correspondingly     small, 

and  the  copper   mains 

small  also. 

In  transforming  down  again  at  the  further  end  of  the  tine  we 

get  our  power  transformed  from  a  high  pressure  small  current  to 

a  low  pressure  with  a  corresponding  increase  in  the  current 

In  direct  current  work  we  are  limited  to  something  between 
3,000  and  3,00a  volts,  and  to  transform  down  to  a  lower  value  at 
the  feeding  points  machines  are  required  which,  for  the  same 
power,  are  as  large,  and  at  least  as  costly  as  the  generator. 
These  machines,  known  as  "  motor-generators  "  or  "  direct  current 
transformers,"  consist  of  a  direct  current  dynamo  and  motor  com- 
bined, the  armature  having  two  separate  windings  connected  to 
two  independent  commutators,  with  one  field  magnet  for  both. 
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The  rario  of  the  two  windings  gives  practically  the  ratio  of  trans- 
formation, except  in  some  cases  where  a  second  small  field 
magnet  is  also  used  on  the  high  potential  side  only,  this  being 
intended  for  regulating  the  e.ra.f,  on  the  low  tension  side  by 
adjusting  the  speed  of  the  motor  part,  as  explained  on  page  311. 
We  cannot  regulate  the  e.m.f.  by  adjusting  the  main  field  magnet, 
for  an  increased  excitation  which  would  give  rise  to  an  increased 
&m.f.  on  the  dynamo  side  would  cause  a  decrease  in  speed,  and 
so  decrease  the  e.m.f. 

These  machines  are  seen  to  be  expensive,  requiring  constant 
and  careful  attention.  But  with  alternating  currents,  not  only  is 
the  range  of  voltage  considerably  higher,  but  the  transformers  are 
stationary  pieces  of  apparatus,  occupying  little  space  and  requiring 
practically  no  attention,  and  these  we  have  now  to  consider. 

Take  for  instance  a  closed  iron  circuit,  formed  from  a  coil  of 
iron  wire,  or  a  number  of  thin  iron  stampings,  and  wind  it  with 
two  separate  coils  of  insulated  copper  wire  which  we  will  call  the 
"primary"  and  the  "secondary"  coil  respectively,  taking  care  to 
well  insulate  each  coil  (see  Fig.  32$).  Suppose  we  now  connect 
the  primary  coil  to  an  alternating  current  dynamo,  leaving  the 
secondary  on  open  circuit,  a  large  number  of  lines  of  force 
will  be  induced  in  the  iron  at  each  alternation  of  the  current 
This,  as  we  have  seen,  prevents  more  than  a  small  current  flowing 
in  the  primary  coil.  The  maximum  number  of  lines  of  force 
created  will  depend  on  the  maximum  value  of  the  current,  and 
this  is  equal  to  the  effective  value,  as  read  on  an  ammeter, 
divided  by  .707. 

But  the  lines  of  force  induced  by  the  ampere  turns  in  the 
primary  coil  are  linked  and  unlinked  with  the  secondary  coil  at 
each  alternation.  There  is  therefore  "  mulual  indue/ion  "  between 
them,  for  a  current  in  either  coil  creates  a  magnetic  field  which 
interlinks  with  the  second  coil,  creating  in  it  an  e.m.f.,  and  a 
current  also,  if  the  circuit  be  closed. 

The  coefficient  of  mutual  induction  =  u  is  stated  as  the  Sux 
created  through  one  circuit  when  unit  current  flows  in  the  other. 
It  will  be  seen,  therefore,  that  without  the  iron  core  the  mutual 
induction  would  be  very  considerably  less. 

The  e.m.f.  induced  in  the  secondary  coil  depends  on  the  rate 
of  change  of  the  field,  that  is  to  say,  the  maximum  e.m.f.  induced 
in  the  secondary  coil  is  proportional  to  (i)  the  total  number  of 
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lines;  (a)  the  totalnumberofturrs  in  the  coil  cut  by  or  interlinked 
with  the  lines ;  and  (3)  on  the  rate  at  which  they  cut  or  interlink, 
or  in  symbols  we  have — 

Maximum  value  of  induced  e.m.f.  =  —  "  „   volts 
10* 

where  N  is  the  maximum  number  of  lines  of  force,  t  the  total 
turns  cut  by  s  lines,  and  zir»  the  rate  of  cutting,  n  being  the 
periodicity  as  before.  The  value  an-wNT  is  therefore  giving  us  the 
rait  of  change  of  the  field,  or  "fiux"  as  it  is  commonly  called. 
Now  we  have  already  seen  that  the  rate  of  change  of  anything 
having  a  sine  law  of  varia- 
tion is  greatest  when  it 
passes  through  its  zero 
value,  consequently  the  rate 
of  change  of  the  flux,  and 
therefore  the  e.m.f.  induced 
in  the  secondary  coil,  has 
its  maximum  value  when 
there  is  no  field.  In  Fig. 
226,  if  the  curve  a  repre- 
sents the  variation  in  the 
flux,  the  rate  of  change  of 
the  flux  will  be  represented 
by  the  curve  b  90°  behind, 
which  may  therefore  represent  the  induced  e.m.f.  in  the  secondary 
coil  also. 

Turning  now  to  the  primary  coil,  we  have  seen  that  the 
magnetisation  component  lags  behind  the  impressed  e.m.f.  by 
90*  also,  and  therefore  the  thin  line  in  Fig.  aa;  may  represent  the 
impressed  e.m.f.,  ihe  thick  line  representing  the  power  component 
in  phase  with  the  impressed  e.m.f.,  i.e.,  the  component  required  to 
provide  the  i*r,  hysteresis,  and  eddy  current  losses.  The  induced 
e.m.f.  in  the  secondary  coil  is  therefore  lagging  180'  behind  the 
impressed  e.m.f,  so  that  its  +  maximum  comes  at  a  time  when 
the  impressed  e.m.f.  has  its  ~  maximum,  and  it  is  therefore  acting 
in  direct  opposition  to  the  primary  coil. 

If  we  laminate  the  iron  considerably,  and  insulate  each  piece 
separately,  there  should  be  very  little  loss  due  to  eddy  currents. 
The  hysteresis  loss  depends  on  the  quality  of  the  iron,  on  the 
frequency,  and  on  the  magnetic  density  employed.     The  loss  due 
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to  hysteresis  in  the  best  quality  of  iron  obtainable  at  present  for 

tnuisformer  work  is  about  .5  watt  per  pound,  at  a  frequency  of  100, 

and  a  density  of  5,000  per  sq.  cm. 

Let  us  imagine,  for  simplicity,  that  the  primary  and  secondary 

coils  have  an  equal  number  of  turns,  then  the  e.m.f.  induced  in 

the  secondary  coil  will  be  equal  to  the  self-induced  e.m.f.  of  the 

primary  coil  (if  we  neglect  any  magnetic  leakage)  for  the  maximum 

,  .  ,  2T«NT       ,  ,  ,  .     .      ,  ,       , 

e.m.f  m  secondary  =  -     j  ■  volts,  and  as  this  is  the  same  for  the 

primary  coil,  we  get  the  maximum  value  of  the  self-induced  e.m.f. 

in  the  primary  coil  also  equal  to  ^. 

The  effective  value  of  the  induced  e.m.f.  is  equal  to  the 
maximum  value  multiplied  by  .707  if  we  assume  a  sine  curve  of 
variation.  Therefore  the  effective  e.m.f,  induced  in  the  secondary 
coil  =.  '"•'"'T  X  .707  __ 4-44WT  y^,^^^  ^jjj^jj  .^  ^^  jjjg  effective 

value  of  the  self-induced 
e.m.f.  in  the  primary  coil. 

The  only  object  in  using 
a  transformer,  however,  is 
to  produce  in  the  second- 
ary coil  an  e-m.f.  differing 
from  that  in  the  primary, 
and  this  is  done  by  simply 
making  the  number  of 
turns  in  the  secondary  coil 
different  to  that  in  the 
primary;  the  ratio  of  the 
e.m.f.'s  being  the  same  as 
the  ratio  of  the  turns  in 
primary  and  secondary 
coils,  thus — 
e.m.f.  induced  in\  .  self-induced  e.m.f.1 .     4.44«nt.  .  4.44«NTp 

secondary  coil  /  '     in  primary  coil   J  '  10*      '        10* 

where  t,  and  t^  represent  turns  in  secondary  and  primary  coils 

respectively,  and  as  -    \     is  common  to  both,  we  get — 


e.m.f-  induced  in  I 
secondary  coil  \ 


primary  coil 
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The  impressed  e.m.r,  will  be  but  very  little  above  the  self- 
induced  e.m.f.  of  the  primary  coil,  the  small  extra  amount  being 
that  required  for  the  i^R  and  hysteresis  loss.  Neglecting  these 
small  losses  at  present,  we  have — 

e.m.f.  in  primaryl     e.m.f.  in  secondary!      t"™^  in  |     turns  in 
circuit          r  circuit  )   =^  pnmary     :  secondary 

coil    I         cou 
Thus,  suppose  in  a  given  case  ve  find  the  turns  in  the  primary 
coil  to  be   3,000,  turns  in  the  secondary  coil  300.     Impressed 
e.m.f.  in  the  primary  circuit  a,ooo  volts.    Then  e.m.f.  in  secondary 
coil  —  aooo  X  =  300  volts. 

In  practice  it  is  found  that  a  transformer  made  in  the  simple 


,'    Primary 


way  illustrated  in  Fig.  325  does  not  give  the  ratio  of  transforma- 
tion we  are  expecting  to  get,  and  at  full  load  there  is  a  very  large 
drop  in  the  potential  difference  of  the  secondary  circuit.  Its 
efficiency  is  also  very  poor.  To  understand  the  reason  for  this, 
we  have  to  imagine  the  secondary  circuit  to  be  supplying  a 
current.  This  current  will  be  tending  to  demagnetise  the  circuit, 
and  therefore  at  the  time  when  lines  of  force  are  being  thrust 
through  it  due  to  the  current  in  the  primary  coil,  the  current  in 
the  secondary  coil  is  endeavouring  to,  as  it  were,  thrust  them  out 
by  tending  to  magnetise  in  the  reverse  direction.  This  causes  a 
number  of  lines  to  leak  across  the  air  space,  and  not  pass  through 
the  secondary  coil  at  all,  with  a  consequent  large  diminution  in 
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the  mutual  induction,  and  a  large  drop  in  the  p.d,  on  the 
secondary  terminals,  as  shown  in  Fig.  228.  The  current  in  the 
primary  circuit  increases,  depending  on  the  value  of  the  de- 
magnetising current  in  the  secondary  circuit,  for  owing  to  the 
decreased  permeability  of  the  magnetic  circuit,  the  inductance  of 


Fig.  a^g. 

the  primary  coil  is  less,  and  consequently  its  current  increases 
and  comes  more  into  phase. 

When  the  transformer  is  well  designed  this  leakage  field  is  very 
small  even  aE  full  load,  and  the  field  intensity  is  only  slightly 
reduced,  for  owing  to  the  demagnetising  effect  of  the  secondary 
ampere  turns,  the  current  in  the  primary  rises  with  increase  in 

Uigiti.cdDy  Google^ 
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load  on  the  secondary,  so  as  to  keep  the  field  practically  constant. 
The  terminal  p.d.  on  the  secondary  coil  therefore  falls  but  slightly 
from  no  load  to  full  load. 

When  the  transformer  has  a  large  leakage  coefficient,  however, 
its  efficiency  must  be  low,  for  we  take  a  laige  amount  of  power 
from  the  primary  which  does  not  appear  in  the  secondary  at  all. 
To  overcome  this,  the  primary  and  secondary  coils  are  usually 
made  in  a  large  number  of  sections  arranged  alternately,  and  in 
cases  where  the  number  of  turns  on  the  primary  and  secondary 
are  very  different,  so  that  the  difference  of  potential  operating 
between  the  two  coils  is  very  great,  care  has  to  be  taken  to 
thoroughly  insulate  each  section  from  the  next,  and  from  the  core. 
The  core  is  usually  built  up  of  thin  iron  stampings  of  various 
shapes,  one  made  by  the  British  Westinghouse  Company  being 
shown  in  Fig.  339.  Here  rectangular  plates  are  employed  with  a 
portion  punched  out  of  each  to  receive 
the  coils,  and  these  pieces  form  the  ends 
of  the  core,  producing  practically  a  closed 
magnetic  circuit  in  iron,  as  shown  dia- 
grammatically  in  Fig.  330.  Sometimes 
distance  pieces  are  interposed  at  intervals 
in  building  up  the  core  so  as  to  allow  of 
better  ventilation.  In  extra  high  tension 
work,  the  whole  is  often  immersed  in  a 
tank  of  oil,  the  tank  being  earth  connected. 
This  keeps  the  coils  cooler,  and  ensures 
very  good  insulation  at  all  parts. 
The  space  at  our  disposal  will  not  permit  of  a  detailed  calcu- 
lation of  the  design  of  such  transformers,  but  we  may  just  glance 
at  the  points  to  be  taken  into  account  when  such  has  to  be  done. 
In  the  first  place  it  must  be  remembered  that  the  maximum 
magnetic  density  should  not  exceed  5,000  lines  per  sq.  cm.,  or 
the  hysteresis  loss  will  be  too  great,  and  the  iron  will  get  abnor- 
mally heated.  The  amount  of  iron  required,  and  the  size  of  the 
copper  windings  for  both  primary  and  secondary  coils,  depend 
on  the  amount  of  power  to  be  transformed.  The  ratio  of  trans- 
formation depends  on  the  ratio  of  the  turns  of  the  primary  and 
secondary  coils.  Suppose  we  wish  to  transform  3,00a  watts  from 
2,000  volts  to  roo  volts,  periodicity  =  60,  Then  the  turns  on 
primary  to  the  turns  on  the  secondary  coil  must  be  in  propor- 
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tion  of  20  ;  I.  The  full  load  current  in  the  secondary  will  be 
5— —  =  30  amperes,  while  that  in  the  primary  will  be  3 =  i-5 

am])eTes  plus  a  certain  small  amount,  depending  on  its  efficiency, 
to  make  up  for  the  various  losses. 

The  effective   e.m.f.  =  ~^^ — ,   and    if  we   allow   as   a   first 

approximation  go  turns  for  the  secondary  coii— the  primary  turns 
then  being  1000 — we  have  effective  e.m.f.  in  secondary  =  too  volts 
_4.44  X  60  X  N  X  50 

Therefore  N  = =7^0750  lines 

4.44^60x50     '=  '^ 
and  at  a  density  of  4,000  per  sq.  cm.  we  have  188  sq.  c.m.'s  for 
the  sectional  area  of  the  core.     The  size  or  sectional  area  of  the 
wire  for  the  primary  and  secondary  windings  can  be  obtained 
from  the  maximum  allowable  current  density    (1,500  to  1,500 
amperes  per  square  inch),  depend- 
ing on  the  required  overload  capacity 
and  the  allowable  temperature  rise 
at  full  load. 

The  length  of  tlie  core  can  be 
calculated  when  we  fix  on  its  shape, 
aiid  the  space  that  will  be  occupied 
by  the  primary  and  secondary  coils 
with  insulation,  in  much  the  same 
way  as  that  described  in  connec- 
tion with  the  magnetic  circuit  of  a 
dynamo. 

The  full  load  i-r  loss  in  both 
primary  and  secondary  windings 
(often  spoken  of  as  the  copper  loss) 
can  be  calculated  from  the  length 
and  sectional  area  of  each  coil  to- 
gether with  the  full  load  current,  and 

the  hysteresis  loss  may  be  calculated,  kr  pduhos  ai  ii]o~ 

either  by  finding  the  weight  of  iron  Fig,  231. 

in  the  complete  core,  and  then  from 

the  curve,  Fig.  231 — or  a  similar  one  corresponding  to  the  quality 
of  the  iron  and  the  periodicity  we  propose  using — obtain  the  total 
watts  lost  in  hysteresis,  or  from  the  formula— 
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Watts  lost  in  hysteresis  per  c.cm.  of  iron  in  core-"""  ^^ 

where  «- periodicity,  b  the  magnetic  density,  and  k  a  con- 
stant depending  on  the  quality  of  the  iron.  The  values  for  k,  as 
given  by  Steinmetz,  are — 

Very  soft  iron  wire  Ka.ooi 

Very  soft  thin  sheet  iron  k  —  .0034 
Thin  good  sheet  iron        k  =  .003 
Ordinary  thin  sheet  iron  K'a.0045 
Soft  cast  steel  annealed    k  =  .008 
The  eddy  current  loss  may  be  calculated  from  the  formula — 
Watts  lost  in  eddies  per  ccm.  of /«  x  /  x  b\  '  ^  , 

iron  core  =  \—[^)     'PP""""'**^"^ 

where  " t"  is  the  thickness  of  the  stampings  in  millimetres,  "»" 
is  the  periodicity,  and  "b"  the  magnetic  density. 

The  hysteresis  and  eddy  current  losses  represent  together  the 
total  iron  loss,  which  if  properly  proportioned  should  not  be  far 
removed    from    the  copper   loss.      The   efGciency   at   full   load 

-E??2Li2L22.'i,lherefore 3°°°  The  iren 

power  put  in  3000  +  i'r  +  w»^  +  w^ 

loss  is  practically  constant  for  any  load,  and  therefore  the  efficiency 

will  be  lower  at  light  load.    The  efficiency  of  modem  transformers 

is  usually  about  75  per  cent,  at  ^  full  load,  and  about  95  per  cent. 

at  full  load. 

Fig.  332  represents  a  type  of  transformer  made  by  the  British 
Electric  Transformer  Company  which  is  being  employed  to  a 
large  extent  in  this  country.  The  central  core  is  built  up  on  a 
special  former,  of  a  lai^e  number  of  thin  strips  of  iron  of  different 
width,  seen  in  the  plan.  This  former  is  put  into  a  machine,  and 
after  the  core  is  covered  with  a  layer  of  insulating  material,  the 
secondary  copper  strip  is  wound  on  direct,  constituting  one-half 
of  the  secondary  winding.  This  is  now  covered  with  a  sheet  of 
micanite  wrapped  over  with  a  specially  prepared  canvas  strip,  and 
the  primary  coils,  which  are  former  wound  in  another  machine, 
are  then  slipped  on  in  sections.  A  similar  layer  of  insulating 
material  is  now  put  on,  and  when  properly  secured,  the  remaining 
half  of  the  secondary  winding  is  wound  on  the  top.  The  iron 
circuit  is  then  completed  by  bundles  of  iron  carried  round  the 
windings,  interleaved  at  the  top  and  bottom  joints. 

It  will  be  seen  from  this  construction  that  the  high  tension 
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coils  are  completely  enclosed  by  the  low  tension  windings,  and 
also  that  the  iron  is  quite  free  to  expand  and  contract  in  every 


direction,  thus  entirely  overcoming  an  effect  known  as  ageing  of 
the  iron.  In  all  transformers  where  the  iron  is  clamped  rigid,  the 
hysteresis  loss  increases  very  considerably  after  being  in  use  foe  A 
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few  months,  and  as  this  is  a  continuous  loss,  irrespective  of  load, 
it  is  a  point  of  great  importance. 

To  prevent  any  possibility  of  discharge  between  the  high 
tension  and  the  low  tension  windings,  an  earth  shield  of  copper 
gauze  strip  is  laid  in  between  the  primary  and  secondary  windings, 
both  inside  and  outside,  wound  in  opposite  directions,  and  (his 
shield  is  connected  to  earth. 

The  efficiency  of  all  transformers  necessarily  varies  with  the 
use  to  which  they  are  to  be  put,  and  on  the  periodicity  of  the 
circuit.  The  efficiency  of  the  present  transformer,  however,  is 
higher  than  many  of  the  older  forms,  and  owing  to  the  very  laj^e 
cooling  surface  (the  iron  strips  being  free  for  the  greater  portion 
of  their  length)  and  free  ventilation,  its  size  for  a  given  power  is 
remarkably  small ;  a  400  kilowatt  transformer  being  j  ft.  3  in.  in 
diameter  and  4  ft.  10  in.  high  over  all. 

Alternating  Current  Dvkamos. 

On  page  369  we  considered  the  case  of  a  single  coil  of  few 
turns  revolving  between  the  poles  of  an  elect ro-magnet,  its  ends 
being  connected  to  two  insulated  rings  on  the  shaft,  and  saw  that 
in  such  a  case  we  get  an  alternating  current  with  a  frequency  of 
one  period  per  revolution.  If  this  coil  revolves  at  say  3,000 
revolutions  per  minute,  we  should  only  get  33  complete  periods 
per  second,  and  this,  as  we  have  seen,  is  somewhat  below  the 
periodicity  required  for  lighting.  If  we  require  an  alternating 
current  machine  to  transform  a  large  amount  of  energy,  necessarily 
running  at  a  relatively  low  speed  while  still  generating  a  high 
e.m.f.,  it  becomes  necessary  to  alter  the  design  very  considerably. 

Imagine  that  instead  .of  taking  one  pair  of  poles  for  the  field 
magnet  we  take  a  large  iron  ring  wiih  say  96  inwardly  projecting 
field  magnet  cores,  and  wind  them  so  as  to  produce  alternate 
N  and  S  poles.  The  current  in  the  revolving  coil  will  then 
reverse  every  time  it  passes  from  one  pole  to  the  next,  that  is, 
in  each  revolution  we  should  get  48  complete  cycles  of  e.m.f, 
and  if  the  armature  revolves  at  say  135  revolutions  per  minute, 

we  should  get  — ^     **   =  100  periods  per  second. 

Consider  a  single  drum-wound  coil  of  few  turns  when  rotating 
in  the  field.  The  average  value  of  the  e.m.f.  developed  during  a 
short  interval  of  time  by  such  a  coil  is  proportional  to  the  rate  of 
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cutting  lines  of  force,  and  is  therefore  equal  to 1,  where  N  = 

total  lines  cut,  c  =  total  number  of  conductors  cutting  N  lines,  and 
t  the  interval  of  time  in  seconds  or  fraction  of  a  second.  If  we 
plot  the  average  value  of  the  e-in.f.  for  a  series  of  short  intervals 
of  time  during  the  revolution,  we  get  a  wave  of  e,m.f,  which 
approximates  more  or  less  to  a  sine  curve,  as  shown  in  Fig.  149. 
The  average  value  of  this  e.m,f.  curve  is  equal  to  the  maximum 
value  divided  by  ttji. 

In  one  complete  revolution  all  the  lines  of  force  will  be 
threaded  through  the  coil  and  taken  out  again  twice,  and  as  the 
e.m.f  with  a  given  coil  depends  on  the  rate  of  change  of  the 
flux,  and  as  we  change  the  flux  completely  four  times  during  one 
revolution,  we  get  for  the  average  value  of  the  e.m.f.  developed  by 

the  coil  when  revolving  with  uniform  velocity  E,  =  i— j-  where  s 
is  the  speed  in  revolutions  per  second-  The  maximum  value  of 
the  e-m-f.  developed  is  therefore  =  E„  =  l^xjr/2=.^:^^^  and 


the  ^mean  square  value  as  read  on  a  voltmeter 

Thus,  suppose  Nc>  2000000,  and  there  be  5  turns  in  the  coit  = 
10  conductors,  while  revolutions  per  second  =  10,  then — 
EBeclive  e.m.f.-tll£i2S^ii£ii?.8.8S  vote. 

In  the  case  of  a  multipolar  field  with,  say,  48  pairs  of  poles, 
we  might  wind  on  the  armature  as  many  separate  coils  as  we  have 
poles  in  the  field  magnet,  then  each  coil  will  be  passing  through 
opposite  fields  to  the  one  next  to  it  at  the  same  instant  of  time, 
and  they  will  therefore  be  developing  opposite  e.m.f.'s,  and  if 
connected  in  series  in  the  ordinary  way  (end  of  one  coil  to  the 
beginning  of  the  next)  we  should  get  no  e.m.f.  at  the  terminals, 
for  the  separate  e.m.f.'s  developed  by  the  coils  singly  would  be 
just  neutralised.  But  if  we  connect  the  coils  so  that  the  current 
will  flow  in  the  reverse  direction  in  each,  the  e.m.f.  developed  by 
each  coil  singly  will  add  together  to  give  the  total  e.m.f.  of  the 
machine,  and  as  all  the  coils  reverse  at  the  same  instant,  they 
will  act  together  and  give  the  same  periodicity  as  one  coil  acting 
alone.    To  do  this  we  have  to  connect  the  b^inning  of  one  coil 
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to  the  beginning  of  the  next,  the  end  of  this  coil  to  the  end  of  the 
next,  and  so  on  all  the  way  round. 

The  e.m.f.  generated  by  such  a  machine  depends  on  the 
foctors  given  above  for  the  single  coil,  together  with  other  factors 
not  yet  mentioned.  If  we  consider  one  conductor  only,  the 
average  e.m-f.  developed  in  it  will  depend  on  the  shape  of  the 
curve,  i.e.,  whether  it  be  flat-topped,  peaked,  or  a  sine  curve,  and 
this  again  depends  on  the  shape  of  the  pole  pieces  and  the  length 
of  the  air  gap.  If  we  assume  a  sine  curve  (which  is  the  usual 
practice),  the  ratio  of  the  effective  e.m.f,  to  the  average  e.m.f. — 

known  as  the  "form  factor" — has  a  value  =-'<  "7=  •■"■ 

Imagine  alt  the  conductors  forming  one  side  of  a  coil  to  be 
embedded  in  a  single  narrow  slot  in  the  armature  core.  The 
cm.f,  developed  by  every  conductor  will  be  in  the  same  phase, 
having  maximum  and  minimum  values  at  the  same  time.  The 
e.m.f.  developed  is  therefore  that  of  one  conductor  multiplied  by 
the  number  of  conductors  in  the  slot.  But  suppose  the  con- 
ductors be  placed  side  by  side  so  as  to  occupy  a  space  equal  to 
the  width  of  the  pole  face,  it  is  evident  that  some  conductors  will 
be  developing  a  maximum  e.m.f,  while  others  are  developing  some 
lower  value.  The  e.m.f,  of  the  coil  as  a  whole,  therefore,  depends 
in  part  on  the  distribution  of  the  winding,  or  on  the  "  distribution 
factor"  as  it  is  called. 

These  factors,  however,  are  usually  united  into  a  single  constant 
R,  and  the  values  commonly  employed  (due  to  Mr  G.  Kapp)  are 
given  in  the  table  below : — 


Width  of  P*. 

i               Width  of  CoiL 

K. 

Equal  to  pilch     - 

Equal  to  pitch     ■ 

i.i6 

Equal  to  pitch     - 

Equal  to  half  jntch       - 

"■635 

Equal  to  half  pitch 

>::qual  lo  pitch     - 

I.63S 

Equal  to  half  pilch 

Equal  to  half  ptch       ■ 

»-3 

Equal  to  third  pitch 

1     F.qoal  to  third  pitch     - 

a.83 

(The  distance  from  a  line  drawn  through  the  centre  or  axis  of 
one  pole  to  a  line  drawn  through  the  axis  of  the  next  is  known 
as  the  "pitch"  of  the  machine.) 
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If  we  have  "/  "  pairs  of  poles,  all  acting  in  the  same  sense  in 
building  up  the  e.m.C  of  the  machine,  the  total  e.m.f.  developed 
will  be/  times  greater  than  with  one  pair  of  poles  and  a  single 
coil.  Therefore  in  the  case  of  multipolar  field  alternators  we 
have — 

Effective  e.m.f.  „kx/xwxcxs 
10" 
where  N  =  number  of  lines  through  one  pole,  c  «  number  of  con- 
ductors in  series,  and  s  =  speed  in  revolutions  per  second. 

As  an  example,  let  us  take  a  multipolar  field  with  48  pairs 
of  poles,  and  96  coils  in  series,  drum  wound,  each  coil  of  20 
turns,  speed  135  revolutions  per  minute,  N  in  armature  due  to 
I  pair  of  poles  =  1000000,  K  =  2,3. 

The  effective  e.m.f.  developed  =  ^^^^ 


=  a-3x 


<  loooooo  X  3840  X  2.08 


8S17.8  volts 

Consider  such  a  machine  with  the  whole  of  the  coils  in  series. 
Starting  at  one  end,  we  see  that  each  coil  is  doing  its  share  in 


Fig.  233. 

building  up  the  e.m.f.  of  the  machine,  and  by  the  time  we  have 
gone  right  round  the  e.m.f.  operative  between  the  two  adjacent  coils 
is,  in  the  above  supposed  case,  nearly  9,000  volts.  The  tendency 
to  spark  across  from  one  coil  to  the  next  would  therefore  be  very 
great,  and  the  difficulty  of  insulating  tiie  coils  at  this  point  to 
withstand  the  full  potential  difference  has  led  to  the  practice  of 
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dividing  the  armature  into  two  or  more  sets  of  coils  in  parallel. 
With  two  sets  in  parallel  the  e.m.f.  developed  is  halved,  and  the 
armature  resistance  is  one-quarter  its  previous  value  ;  but  there  is 
now  only  a  small  fraction  of  the  total  potential  difference  operating 
between  any  two  adjacent  coils,  as  will  be  seen  by  considering 
Fig.  233.  Starting  from  the  lower  brush  connection,  the  e.m.f. 
gradually  rises  on  both  sides  to  a  similar  extent,  till  at  the  top  we 


Fig-  235- 


get  the  maximum  difference  of  potential.  The  two  adjacent  coils 
at  the  top,  however,  have  exactly  the  same  e.m.f.,  and  there  is 
therefore  no  potential  difference  between  them.  The  maximum 
potential  diff'ercnce  is  operating  between  points  which  are  at  the 
maximum  distance  apart. 

Of  course  we  might  connect  the  armature  up  into  any  number 
of  sets  of  coils  in  parallel,  but  by  so  doing  we  reduce  the  e.m.f. 
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developed  by  the  machine,  and  where  it  is  desired  to  generate 
a  high  e.m.f.  direct,  with  a  lai^e  output,  it  becomes  practically 
impossible  to  divide  the  armature  up  into  more  than  two  parts 
in  parallel.  In  the  case  of  the  latest  650  kilowatt  machines  at 
the  London  Electric  Supply  Corporation's  Station  at  Deptford 
(Fig,  234),  designed  by  Mr  Ferranti  to  generate  10,000  volts  direct, 
the  armature  coils  are  all  in  series ;  but  there  is  not  more  than 
half  the  maximum  potential  difTerence  operating  between  any 
two  adjacent  coils,  and  these  are  separated  by  placing  between 
them  two  dummy  coils  made  of  good  insulating  material.  The 
diagram  of  the  armature  connections  of  this  machine,  Fig.  335 
(taken  from  The  Engineer),  will  explain  the  arrangement  The 
field  ttiagnet  ring  (Fig.  234)  is  just  over  16  ft  in  diameter. 

In  designing  alternating  current  machines  many  of  the  points 
considered  in  connection  with  the  bipolar  direct  current  dynamo 
have  to  be  gone  into;  but  having  no  commutator,  we  at  once 
avoid  all  trouble  with  sparking,  angle  of  lead,  and  other  points 
requiring  very  careful  consideration  in  designing  direct  current 
dynamos.  Again,  the  commutator  limits  the  e.m.f.  which  can 
be  successfully  generated,  for  with  very  high  cmf's  there  is  a 
tendency  for  arcs  to  pass  round  from  brush  to  brush. 

With  alternating  current  machines  it  becomes  possible  and 
quite  practicable  to  reverse  the  relative  position  of  armature  and 
field  magnet,  and  so  have  the  armature  stationary  and  the  lield 
mi^ets  revolving,  and  this  arrangement  is  becoming  more  and 
more  the  practice.  It  has  certain  advantages,  for  the  insulation 
on  the  high  tension  armature  coils  can  be  maintained  better  if 
stationary,  and  the  heavy  field  magnet  frame  forms  a  very  efficient 
fly-wheel.  In  fact  the  field  magnet  system  often  takes  the  place 
of  the  engine  flywheel,  the  massive  cast-iron  rim  forming  the 
yoke  for  a  large  number  of  field  cores  which  project  radially 
outwards,  each  provided  with  a  magnetising  coil.  All  the  coils 
are  then  connected  in  series,  so  as  to  produce  alternate  N  and  s 
poles,  and  the  current  is  led  into  and  out  of  the  coils  by  brushes 
pressing  on  two  insulated  rings  fixed  to  the  shaft. 

This  is  by  far  the  best  place  for  the  fly-wheel,  for  in  case  of  a 
sudden  increase  in  the  load,  the  lly-wheel  armature  possesses  a 
store  of  kinetic  energy  available  for  meeting  it,  whereas  if  the 
fly-wheel  be  independent  of  the  armature,  the  store  of  energy  it 
possesses  has  to  be  transmitted  from  it  to  the  armature  through 
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the  shaft,  thus  causing  very  severe  racking  and  twisting  strains  in 
the  laEter. 

Mr  Mordey  was  one  of  the  first,  if  not  the  first,  to  propose 
the  revolving  field  magnet ;  and  he  designed  the  alternator  bear- 
ing his  name,  the  field  magnet  of  which  is  shown  in  Fig.  236. 
In  this  only  one  magnetising  coil  is  provided,  and  the  core  at 
both  ends  sprays  into  a  number  of  claw-shaped  pole  pieces  which 
turn  inwards,  and  embrace  the  magnetising  coil.  These  are 
frequently  covered  on  the  outer  faces  with  sheet-iron  cases,  which 


are  perforated  with  holes  so  as  not  to  impair  the  ventilation.  The 
ends  of  the  claw-shaped  pole  pieces  face  each  other,  and  a  short 
gap  is  left  between  them  in  which  the  armature  coils,  shown 
separately  in  Fig.  237,  are  fixed.  These  coils  are  very  flat,  and 
are  wound  with  insulated  copper  tape  on  porcelain  formers,  and 
fixed  in  a  frame  of  german  silver ;  there  being  no  iron  in  any 
part  of  the  armature  construction.  The  lines  of  force  in  this 
case  pass  from  one  side  to  the  other  by  the  pole  pieces,  and  as  all 
the  pole  pieces  on  one  side  are  similar  in  sign,  we  have  the  field 
arranged  in  tufts  or  groups  with  free  spaces  between. 
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Imagine  one  such  tuft  of  lines  swinging  past  a  single  arma- 
ture coil.  One  side  of  the  coil  will  be  cut  by  the  field  at  a  time 
when  the  other  side  is  not  so  cut.  This  will  develop  an  e.m.f.  in 
the  coil  in  one  particular  direction.  A  moment  later  the  field 
will  be  concentrated  in  the  porcelain  between  the  edges  of  the 


cuil,  and  the  e.m.f.  will  have  fallen  to  zero.  In  another  i 
the  field  will  be  cutting  through  the  other  edge  of  the  coil,  and 
the  e.m.f  will  again  grow  to  a  maximum  but  in  the  reverso 
direction,  and  as  it  again  breaks  away,  the  cm.f  will  again  fall 
to  zero. 

It  is  evident  that  if  we  connect  up  the  armature  coils  in 

U,g,t,.,.d.i.COOC^IC 


TRANSFORMERS,  ALTERNATORS,  ETC.       375 

op/iosile  direc/ions  and  provide  twice  as  many  coiis  as  there  are 
field  poles,  placing  them  closely  edge  to  edge  all  round,  the 
adjacent  edges  of  any  two  coils  will  act  in  the  same  sense  when 
cut  by  the  field.  The  width  of  the  windings  side  by  side  must 
then  be  equal  to  that  of  the  space  between  the  coils,  which  again 
must  be  equal  to  the  width  of  the  pole  pieces  (see  Fig.  237). 
This  machine   therefore,  produces  a  number  of  periods  per 


Fig.  239. 


second  equal  to  the  number  of  revolutions  per  second  multiplied 
by  the  number  o^  fairs  of  armature  coils. 

With  all  such  single  magnetising  coil  machines— and  several 
have  been  made  with  slight  modifications  in  the  arrangement  of 
the  pole  pieces — there  is  a  large  leakage  field  at  full  load,  and 
consequently  a  large  drop  in  the  p.  d.  of  the  machine,  and  for  this 
reason  the  tendency  is  to  wind  each  pole  piece  with  a  separate 
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magnetising  coil  It  is  the  ampere  turns  of  the  coil  which  provide 
the  magneto-motive  force  for  the  whole  magnetic  circuit,  and  to 
get  the  best  effect  with  the  smallest  magnetic  leakage  the  coil 
should  be  placed  as  close  as  possible  to  the  point  where  the  field 
is  required.  It  is  for  this  reason  that,  in  the  case  of  the  direct 
current  dynamo,  the  m^pietising  coll  is  divided  into  two  parts — 
one  on  each  limb— in  preference  to  forming  it  into  one  lai^  coil 
on  the  yoke. 

The  armature  core  of  alternating  current  machines  is  often 
made  of  thin  steel  stampings,  slotted  on  the  inner  circumference 
to  take  the  armature  coils,  which  may  be  wound  in  one  of  many 
ways.  Fig.  338  shows  diagrammatically  a  ring,  and  Fig.  339  a 
drum  winding,  the  latter  being  by  far  the  most  common. 

The  stampings  arc  usually  fixed  by  bolts  in  a  hollow  cast-iron 
foundation  ring,  cast  in  sections  and  bolted  together,  space  being 
left  between  the  outer  edge  of  the  stampings  and  the  cast-iron 
case,  which  allows  of  free  circulation  of  air  round  the  core.  The 
field  magnet  cores  are  also  very  frequently  made  of  laminated  iron 
or  steel  cast  in  the  rim  of  the  fly-wheel,  for  when  made  solid,  the 
whole  of  the  cores,  especially  the  pole  tips,  often  get  hot  owing  to 
the  distorting  effect  of  the  armature  current  which  causes  the  field 
to  swing  more  or  less  across  the  pole  face.  The  laminations  are 
usually  riveted  together,  and  pole  shoes  of  cast  iron  are  frequently 
fixed  on  the  ends  by  dovetailing  or  bolts.  These  pole  shoes  form 
a  good  mechanical  support  for  the  field  coils,  and  by  becoming 
highly  saturated,  owing  to  their  smaller  permeability,  the  distort- 
ing effect  of  armature  reaction  is  considerably  minimised.  The 
armatures  of  these  large  machines  are  supported  by  two  massive 
feet  (cast  in  one  with  the  foundation  ring)  on  a  bed  plate,  and  by 
means  of  screws  running  the  full  length  of  the  bed  plate  the 
armature  can  be  drawn  to  one  end  and  the  field  magnet  exposed 
for  inspection  or  repair. 

Alternating  current  dynamos  are  dependent  on  direct  current 
machines  for  their  exciting  current,  and  therefore  in  every  station 
where  they  are  employed  we  find  small  direct  current  dynamos 
also  installed.  In  some  cases  the  small  exciting  dynamo  is  built 
up  on  a  prolongation  of  the  alternator  shaft.  In  this  case  there 
can  be  no  excitation  till  the  machine  has  been  run  up  to  speed, 
and  when  one  machine  is  shut  down  its  exciter  cannot  be  em- 
ployed for  any  other  purpose.     In  the  case  of  lai^e  unit  slow- 
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speed  machines  the  exciter  has  to  be  of  the  multipolar  type  when 
so  driven,  so  as  to  develop  the  required  e.ra.f.  at  the  slow  s|>eed 
of  the  alternator.  The  more  usual  practice  is  to  have  the  exciters 
altogether  independent  of  the  main  generators,  and  they  are 


frequently  driven  by  small  high-speed  engines  directly  coupled, 
and  the  mains  taken  to  omnibus  bars  on  an  exciter  switchboard. 
In  many  cases  a  battery  of  accumulators  is  also  installed  to  act  as 
a  stand-by  in  case  of  breakdown  to  any  or  all  of  the  exciter  plant, 
A  regulating  resistance  is  placed  in  each  alternator  field  circuit  so 
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that  the  excitaiion  can  be  adjusted  within  limits,  and  the  impressed 
e.m.f.  of  the  alternator  regubted  accordingly. 

These  machines  are  often  of  gigantic  proportions.  Fig.  a^a 
{from  "Traction  and  Transmission")  will  perhaps  convey  some 
idea  of  the  size,  by  companng  the  half  machine  in  the  couree  of 
construction  with  the  size  of  the  men  working  on  it. 

In  the  station  it  becomes  necessary,  as  the  load  increases,  to 
put  additional  machines  in  parallel  with  the  one  already  loaded, 
and  great  care  has  to  be  exercised  in  so  doing.  The  new  machine 
has  to  be  excited  and  run  up  to  speed,  the  field  excitation  being 
adjusted  so  as  to  generate  exactly  the  same  e.m.f.  as  the  machine 
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already  at  work,  as  in  the  case  wiih  direct  current  machines 
explained  on  page  299.  But  not  only  this,  the  machines  must 
also  be  in  phase  at  the  moment  of  switching  in,  for  should  they 
be  a  long  way  out  of  phase,  so  that  one  is  developing  a  +  cm.f. 
while  the  other  is  developing  a  -  e.m.f.,  the  sum  of  the  e,m.f  *s 
would  be  expended  in  urging  a  large  current  round  the  two 
machines  in  series,  wiiich  would  probably  cause  the  main  fuses  or 
circuit  breakers  to  go  if  it  did  no  further  damage,  and  this  would 
cause  a  stoppage  in  the  supply.  If  this  did  not  occur,  there  would 
be  a  large  pulsation  set  up,  causing  an  unpleasant  blinking  in  the 
light  till  the  two  machines  pulled  themselves  into  step,  which  they 
will  do  if  they  are  but  slightly  out  of  phase  when  switched  in, 
owing  to  the  current  from  one  motoring  the  other.    The  method 
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usually  adopted  of  "synchronising  "  the  machines,  as  it  is  called, 
is  by  means  of  a  synchronising  transfoTmer.  This  is  shown  in 
Fig.  341,  which  represents  a  double  transformer  having  two 
primary  and  one  secondary  winding,  a  single  lamp  being  con- 
nected to  the  secondary.  One  primary  winding  is  connected  to 
the  bus  bars,  and  the  other  to  the  terminals  of  the  machine  to  be 
switched  in  parallel  with  them. 

Imagine  the  incoming  machine  to  be  180°  out  of  phase,  there 
will  then  be  no  field  through  the  secondary  winding,  for  both 
primaries  are  acting  so  as  to  urge  the  field  in  the  direction  of  the 
fine  dotted  line  in  the  diagram,  i.e.,  through  the  two  primary  coils 
in  series.  When  the  machine  is  in  synchronism,  however,  the 
two  primaries  are  developing  fields  in  similar  directions  at  the 
same  instant,  as  shown  by  the  arrows  in  the  broken  line,  and 
they  therefore  urge  a  field  through  the  secondary  coil  and  light 
the  lamp. 

As  the  machine  is  slowly  run  up  to  speed,  the  lamp  pulsates, 
rapidly  at  first,  and  as  the  machine  gets  more  and  more  into 
synchronous  relation  the  pulsations  become  slower.  The  excitation 
is  now  adjusted  till  the  e.m.f.  of  the  alternator  is  exactly  equal  to 
that  of  the  bus  bars,  and  then  as  the  lamp  is  pulsating  slowly,  it 
is  switched  in  at  a  moment  when  the  light  of  the  lamp  is  rising 
and  has  almost  attained  its  maximum  brightness.  If  this  be  done 
skilfully,  there  will  be  no  blink  noticeable  at  the  time  of  switching 
in.  The  machine  has  now  to  be  further  excited  by  adjusting  the 
field  resistance,  and  the  steam  valve  being  fully  opened,  the 
machine  takes  up  its  share  of  the  load.  Of  course  by  altering 
the  connections  to  one  of  the  primary  windings  the  point  for 
switching  in  will  be  when  the  lamp  ceases  to  glow,  and  this 
arrangement  is  used  in  some  cases.  'J'he  two  machines  keep 
each  other  in  step  within  hmits,  for  should  one  tend  to  slow  down 
for  any  reason,  its  e.m.f.  will  drop,  and  the  load  will  be  thrown 
largely  on  to  the  other  machine,  tending  to  slow  it  down  also, 
while  owing  to  the  load  being  taken  from  the  lagging  machine, 
its  speed  is  only  shgbtly  influenced.  Should  it  run  faster,  it  takes 
considerably  more  than  its  share  of  the  load,  which  tends  to  bring 
down  its  speed  to  the  normal  again,  while  the  load  being  largely 
taken  from  the  other  machine,  its  speed  tends  to  increase. 

There  is  not  so  much  danger  in  paralleling  machines  which 
have  iron  cored  armatures,  for  their  self-induction  prevents^^^ 
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dangerous  cunent  from  flowing,  even  if  the  machine  be  switched 
in  without  synchronising,  though  a  very  unpleasant  beating  would 
be  set  up  in  the  mains  till  the  two  machines  pulled  each  other 
into  step.  With  ironless  cored  machines  of  the  Mordey  type, 
much  more  care  has  to  be  exercised.  Where  difficulty  is  experi- 
enced in  synchronising  such  machines,  an  inductance  coil  is 
sometimes  connected  between  the  bus  bars  and  the  incoming 
machine,  which  is  cut  out  after  switching  in.  This  prevents  any 
dangerous  synchronising  current  from  flowing. 

Where  machines  are  intended  for  parallel  running  it  is 
essential  that  they  shall  not  only  generate  the  same  e.m.f., 
irrespective  of  size  of  unit,  but  they  should  also  develop  the 
same  shaped  wave,  for  should  one  machine  develop  a  sine  curve, 
while  another  develops  a  flat-topped  curve,  there  will  be,  when 
in  parallel,  a  resultant  e.m.f.  of  a  different  frequency.  This  will 
cause  a  current  to  flow  round  the  two  machines  which  is  addi- 
tional to  the  current  supplied  to  the  mains,  and  the  efl!iciency  of 
the  plant  is  therefore  lowered. 

If  the  engines  driving  alternatore  in  parallel  have  large 
variations  in  torque  during  a  revolution,  the  machines  set  up  a 
swing,  for  there  will  be  slight  variations  in  periodicity  between 
the  machines,  and  they  have  to  accommodate  themselves  to  the 
changing  periodicity  against  their  own  inertia.  Currents,  therefore, 
pass  from  one  machine  to  the  other  to  keep  them  in  step,  and 
these  currents  distort  the  field  flux,  driving  it  to  one  or  other  of 
the  pole  tips.  The  rotating  field  cores  tend  to  follow  the  flux, 
so  as  to  keep  in  step,  and  a  large  current  flows  in  the  opposite 
sense  to  pull  it  along.  But  this  current  distorts  the  field  flux  in 
the  opposite  direction,  and  now  the  rotating  field  magnet  core 
has  to  be  retarded.  This  action  in  special  cases  may  cause  the  two 
machines  to  swing  out  of  step,  and  for  this  reason  gas  engines  and 
the  like  are  out  of  the  question  for  driving  alternators  in  parallel. 

A  slight  amount  of  swinging  or  "  hunting,"  as  it  is  called,  is 
prevented  by  bridging  the  space  between  the  pole  tips  by  stout 
sheets  of  copper  or  gun-metal,  pierced  with  holes  so  as  not  to 
impair  the  ventilation.  If  now  the  field  flux  starts  swinging  into 
the  space  between  the  pole  tips,  it  immediately  gives  rise  to  an 
e.m.f  in  the  copper  sheet,  and  large  currents  are  thereby  induced 
which  tend  to  urge  the  flux  in  the  opposite  direction.  Such 
copper  pieces  are  known  as  "damping  coils." 
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It  was  pointed  out  in  Chapter  XV.  that  the  armature  winding 
in  direct  current  machines  is  now  almost  universally  embedded 
in  slots  in  the  annature  core,  and  this  plan  is  adopted  with 
alternating  current  machines  also,  for  the  conductors  with  their 
insulation  of  cotton  are  mechanically  weak,  and  by  embedding 
them  in  the  iron  we  not  only  get  a  much  better  mechanical  drive, 
but  the  drag  is  very  largely  taken  from  the  conductors  and  trans- 
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ferred  to  the  armature  teeth.  This  will  be  seen  by  comparing  the 
fields  Fig.  178  and  Fig,  242.  In  the  one  case  the  drag  is  on  the 
conductor,  tending  to  shear  it  off  the  core,  while  in  the  latter  case 
the  magnetic  distortion  produced  by  the  current  Is  on  the  le.tding 
and  trailing  edges  of  the  teeth. 

Synchronous  Motors. 
Any  alternating  current  generator  will  run  as  a  motor  if  it  be 
first  run  up  to  speed  and  synchronised  before  switching  on  to  the 
mains  in  the  manner  just  described,  and  it  will  keep  in  perfect 
synchronism  up  to  full  load  (or  even  to  50  per  cent,  overload  if 
well  designed).  If,  however,  an  excessive  overload  be  applied  for 
a  short  time,  the  motor  will  fall  out  of  step  and  stop,  and  it  must 
be  run  up  to  speed  and  synchronised  once  more  before  it  can  be 
used  again.  This,  together  with  the  fact  that  it  cannot  be  started 
under  load,  restricts  its  use  very  considerably.  It  finds  employ- 
ment, however,  in  certain  classes  of  special  work,  for  instance  in 
substations,  where  it  is  desired  to  transform  from  alternating  to 
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direct  current,  a  synchronous  alternating  current  motor  is  oflen 
directly  coupled  to  a  continuous  current  dynamo,  and  the  alter- 
nating current  (often  at  high  pressure)  is  then  used  to  drive  the 
alternating  current  motor,  direct  current  being  taken  for  service 
in  the  mains.  Two  or  three  such  sets  should  be  installed  in  each 
substation  so  that  they  may  be  run  in  parallel  as  the  load  in- 
creases, to  prevent  overloading  and  the  consequent  risk  of  throw- 
ing the  motor  out  of  step. 

As  such  machines  have  usually  rotating  field  magnets  and 
stationary  armatures,  it  is  quite  practicable  to  connect  the  high 
tension  mains  direct  on  to  the  motor,  and  a  saving  is  thereby 
effected,  for  transformers  are  then  dispensed  with.  When  a  second 
machine  is  to  be  connected  in  parallel,  it  is  usual  to  run  it  up  to 
speed  from  the  direct  current  side,  that  is  to  say,  direct  current  is 
taken  from  the  machine  already  running  to  the  direct  current 
dynamo  of  the  second  set,  which  runs  it  as  a  motor  in  the  same 
direction,  as  seen  in  Chapter  XVI.  After  synchronising  and 
switching  in,  the  direct  current  is  taken  off  and  the  alternating 
current  motor  takes  up  the  load. 

Consider  such  a  motor  run  up  to  speed  without  the  field 
excitation,  and  switched  on  to  the  alternating  mains.  A  fairly 
large  current  will  be  taken  from  the  mains  which  will  be  very 
largely  out  of  phase.  The  coils  carrying  the  alternating  current 
(the  stationary  armature  i»  the  case  of  the  generator),  called  the 
"  stator,"  will  act  similiftly  to  the  primary  circuit  of  a  transformer 
with  open  secondary  circuit,  which  in  this  case  is  formed  by  the 
field-magnet  winding.  If  we  now  slightly  excite  the  field  known 
in  this  connection  as  the  "rotor,"  the  current  in  the  stator  will 
be  brought  more  into  phase,  for  it  is  equivalent  to  taking  a  slight 
current  from  the  secondary  of  the  transformer,  for  though  the 
current  in  the  rotor  is  in  this  case  constant  in  direction,  its  effect 
reverses  at  each  alternation  by  its  moving  from  pole  to  pole  in 
Step  with  the  alternating  current.  If  we  continue  to  slowly 
increase  the  excitation,  the  current  in  the  stator  gets  more  and 
more  into  phase,  till  a  point  is  reached  where  the  power  factor  in 
the  stator  circuit  has  a  maximum  value  nearly  equal  to  unity.  If  we 
still  further  increase  the  excitation  the  current  in  the  stator  circuit 
no  longer  lags  behind  the  e.m.f,  but  is  now  in  advance,  and  the 
power  factor  goes  down  once  more.  The  machine  can  therefore 
— by  overexciting  it — be  made  to  act  as  a  condenser,  and  such  a 
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machine  is  sometimes  used  to  improve  the  power  factor  in  a 
station  when  they  find  a  laige  lagging  current  in  the  mains,  by 
running  it  from  the  station  bus  bare  unloaded  but  overexcited. 

By  overexciting  the  motor  we  raise  the  impressed  voltage  on 
the  stator  terminals,  for  this  is  equivalent  to  putting  a  condenser 
in  series  which,  as  we  saw  on  page  355,  has  the  effect  of  consider- 
ably raising  the  pressure  on  the  inductive  resistance  with  an 
increase  in  the  current.  This  gives  the  motor  a  rather  larger 
overload  capacity  before  falling  out  of  step.  Where  large  and 
constant  variations  in  the  load  are  likely  to  occur,  and  where 
great  attention  cannot  be  given  to  adjusting  the  excitation  for 
varying  loads,  it  is  best  to  adjust  it  so  as  to  give  maximum  power 
factor  at  about  three-fourths  full  load.  The  excitation  can  then 
be  adjusted  one  way  01  the  other  for  light  load  or  fiill  load. 

It  is  owing  to  the  ability  of  adjusting  the  power  factor  with 
such  motors  in  the  way  described  that  has  led  to  their  adoption 
for  certain  purposes  in  preference  to  what  are  known  as  "  non- 
synchronous,"  "asynchronous,"  or  "induction"  motors,  i.t., 
alternating  current  motors  which  do  not  run  in  step  or  in 
synchronism  with  the  e.m.f.,  and  it  is  quite  possible  that  their 
use  will  be  largely  extended  in  the  future. 

For  any  given  load  there  is  one  particular  value  for  the  exciting 
current  which  gives  maximum  power  factor  in  the  mains,  and  after 
synchronising  and  switching  the  motor  in,  the  power  factor  should 
be  brought  as  near  unity  as  possible  by  this  adjustment  of  the 
excitation.  This  point  is  easily  found  if  there  be  an  ammeter  in 
the  main  circuit,  which  is  the  usual  case,  for  as  we  slowly  adjust 
the  excitation,  the  current  in  the  mains  will  alter,  and  the  adjust- 
ment is  continued  till  the  ammeter  indicates  the  smallest  current 
for  that  particular  load. 

The  curves,  Fig.  343,  given  by  Mr  Eborall,  show  clearly  the 
effect  of  altering  the  excitation  on  the  current  in  the  mains  for 
various  loads  on  the  motor.  The  shape  of  the  "  V  "  curve,  as  it  is 
called,  tells  us  to  a  fair  extent  the  properties  of  the  machine.  If 
the  curve  be  very  acute  angled,  very  fine  adjustment  of  the  ex- 
citation will  be  required  to  keep  the  power  factor  at  a  maximum. 
On  the  other  hand,  if  the  V  curve  be  broad,  very  little  attention 
to  the  adjustment  of  the  excitation  will  be  required.  Again,  the 
line  a  b  joining  the  lowest  point  of  the  curves  for  different  loads 
will  not  be  far  from  vertical  in  a  well-designed  machine,  so  that 
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but  slight  alteration  is  required  in  the  excitation  from  no  load  to 
full  load. 

With  this  smallest  current  in  the  mains  the  power  factor  is 
seldom  or  never  exactly  unity,  for  there  are  always  slight  variations 
in  the  shape  of  the  waves  of  e.m.f.  of  generator  and  motor  and 


slight  pulsations  in  the  current  which  prevent  a  power  factor  of 
unity  being  obtained,  though  in  most  cases  it  is  so  near  unity 
that  the  slight  difference  is  practically  negligible. 

As  in  the  case  of  alternating  current  dynamos,  synchronous 
motors  require  direct  current  for  exciting,  and  this  is  often  pro- 
vided by  a  small  direct  current  dynamo  built  on  a  prolongation 
of  the  motor  shaft. 
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POLYPHASE  WORKING. 

Consider  Fig.  239  once  more.  We  have  seen  that  as  the 
field  rotates,  an  alternating  e.m.f.  ie  induced  in  the  armature  coils, 
which  we  may  consider  as  following  a  sine  law  of  variation,  as 


shown  in  Fig.  205.  Suppose  we  wind  a  second  series  of  coils 
in  the  s|>aces  between  the  coils  in  Fig.  239,  keeping  the  two 
quite  distinct,  as  shown  in  Fig.  344,  we  should  get  a  second  e.m.f. 
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induced  of  the  same  strength,  but  the  maximum  value  of  this 
e.m.f.  will  come  at  a  time  when  the  e.m.f.  in  the  first  coil  has 
fallen  to  zero,  that  is  to  say,  the  two  e.m.f, 's  are  displaced  relatively 
by  go°  as  shown  by  the  curves,  Fig.  245.  Such  a  machine  is 
known  as  a  "diphase"  alternator,  or  a  "two-phase"  machine. 

If  instead  of  winding  two  coils  to  each  pole  we  wind  three 
sepai-ate  and  independent  coils,  we  get  three  e.m.f. 's  induced,  each 


of  which  is  displaced  relatively  to  the  next  one  to  it  by  120°, 
as  shown  in  Figs.  246  and  247.  Such  a  machine  is  known  as  a 
"three-phase"  alternator.  It  will  be  evident  that  we  might 
wind  the  armature  with  any  number  of  independent  coils,  and 
have  as  many  phases  as  we  please.  In  practice,  single,  two,  and 
three-phase  alternators  are  the  only  ones  employed  to  any  extent. 
Machines  generating  more  than  one  phase  are  called  "  polyphase  " 
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machines,  and  the  currents  delivered  by  such  machines,  whether 
two-phase  or  three-phase,  are  called  "polyphase"  currents. 
Fig.  248  shows  the  method  of  winding  the  armature  in  the  case 
of  a  polyphase  machine. 

It  will  be  seen  that  the  two-phase  alternator  is  equivalent  to 
two  machines  in  one.  In  fact,  exactly  the  same  result  would  be 
obtained  by  taking  two  similar  single-phase  alternators,  and 
coupling  their  shafts  together  so  that  the  field  poles  of  one  are 


Fig.  348. 

facing  the  coils,  while  the  field  poles  of  the  Other  face  the  spaces 
between  the  coils.  But  this  method  of  obtaining  a  diphase 
current  would  be  very  inefficient,  the  frictional  losses  being 
doubled.  Besides  the  arrangement  would  also  be  very  much 
more  expensive  than  the  single  machine. 

The  two  circuits  of  the  diphase  machine  may  be  kept  quite 
separate,  and  used  to  supply  different  districts,  and  this  is  done 
in  some  cases  j  but  the  load  may  be  very  unequally  divided  at 
times  by  so  doing,  and  the  output  of  the  machine  is  of  course 


1.;.  Google 


3«8 


ELECTRICAL  ENGINEERING. 


limited  by  the  full  load  on  either  phase.  If,  therefore,  it  becomes 
impossible  to  equally  distribute  the  load  on  the  tvo  phases,  it 
may  at  times  be  necessary  to  run  up  another  machine  to  help  the 
overloaded  phase  while  the  engine  driving  the  machine  is  running 
considerably  under  full  load.  There  would  therefore  be  no  advan- 
tage in  using  diphase  alternators  if  lighting  were  the  only  load. 

But  the  advantages  of  polyphase  currents  are  apparent  where 
motive  power  is  required,  for  polyphase  motors  can  be  designed 
to  nearly  equal  in  performance  direct  current  motors,  especially 


Fig.  249. 


Fig.  2sa 


in  cerlaln  classes  of  work.  To  understand  the  action  of  a 
diphase  current  on  a  motor  we  may  consider  the  simple  diagram. 
Fig.  249. 

Here  four  mains  run  froni  the  alternator  to  the  stator  core  of 
a  motor,  and  are  there  connected  to  two  independent  windings 
90°  apart,  which  we  will  call  aa,  and  bB[.  Im^^ine  that  aa,  has 
a  maximum  value  for  the  current  in  the  positive  sense,  then  the 
current  in  bB;  will  be  zero  (Fig.  245),  and  the  coils  aAj  will  be 
creating  a  field  so  that  a  M  pole  is  urged  to  the  right  of  the 
stator  core,  and  a  S  pole  to  its  left,  as  shown  by  the  arrows.  The 
dotted  lines  show  the  direction  of  the  field  in  the  stator  core  and 
in  the  central  space. 
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But  now  the  current  in  aa,  b^ins  to  decline,  and  at  the  same 
time  a  current  begins  to  grow  in  bii„  and  in  one-eighth  cycle  from 
the  start  the  current  in  bRj  will  be  equal  to  the  current  in  aAj,  The 
two  are  now  acting  wit!i  equal  magneto-motive  forces  to  produce 
a  field  at  right  angles  to  each  other,  and  as  we  cannot  have  two 
fields  in  the  same  place  at  the  same  time,  we  got  a  resultant  field 
at  45°  to  either  coil,  as  shown  in  Fig.  250.     Of  course  the  field 


Fig.  zsi 


does  not  suddenly  jump  from  the  one  position  to  the  other,  for 
the  current  in  the  one  pair  of  coils  gradually  falls  off  while  the 
current  in  the  second  pair  gradually  rises,  so  that  the  field  is 
gradually  moved  round  to  its  new  position. 

In  the  same  way  at  a  quarter  cycle  from  the  start  the  current 
in  BB,  will  have  grown  to  a  maximum,  while  that  in  aa,  will  have 
fallen  10  zero,  and  the  field  will  by  this  time  be  in  a  vertical 
direction  (Fig,  351). 

The  current  in  aAj  then  begins  to  grow  once  more,  but  in  the 
opposite  direction,  aiid  the  field  is  again  urged  round  in  the  same 
sense  as  before,  so  that  by  the  time  the  current  in  aa,  has  reached 
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iL',  and  the  current  in  nn,  has  fallen  to  zero — in 
half  cycle  from  the  start— the  x  pole  will  be  at  the  extreme  left 
hand  side  of  (he  diagram,  and  therefore  in  half  a  cycle  the  field 
will  have  been  revolved  through  half  a  revolution.  It  is  evident 
that  in  the  second  half  cycle  the  field  will  revolve  through  the 
second  half  revolution. 

We  see  therefore  that  with  the  above  conditions  we  get  a 
revolving  field  with  one  revolution  per  cycle,  and  if  our  alternating 
current  has  a  periodicity  of  say  50  cycles  per  second,  we  get  a 


Fifi.  252. 


field  in  the  stator  core  and  in  the  central  space  revolving  at  a 
speed  of  50  revolutions  per  second. 

We  might  connect  one  wire  of  each  circuit  together.  This 
would  then  act  as  a  common  return  for  the  other  two,  but  it 
would  at  certain  times  during  each  cycle  be  carrying  a  larger 
current  than  the  other  two,  and  therefore  it  must  be  larger  in  the 
proportion  of  i  :  ^/  2  or  1 :  1.41,  for  the  resultant  of  two  equal 
forces  acting  at  90°  apart  is  ^  2  times  either  of  them,  as  will 
be  seen  at  once  by  considering  a  vector  diagram,  Kig.  251.  Dy 
so  doing  (with  any  given  e.m.f.  between  the  lines)  we  get  a  saving 
in  copper  in  proportion  of  4:3.41.  Such  an  arrangement  is 
shown  diagram  mat  ically  in  Fig.  253. 
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It  must  be  remembered,  however,  that  the  e.m.f.  between  this 
common  return  and  either  of  the  other  conductors  is  1.41  times 
greater  than  it  would  be  between  any  two  wires  when  using 
four  conductors ;  and  if  we  have  to  insulate  for  this  volts^e  we 
might  as  well  run  the  generator  at  the  same  voltage  and  use 
four  wires,  each  of  which  will  then  be  smaller  than  the  smallest  of 


the  three  wires  above  in  proportion  of 


1.41 


The  saving  ii 


copper  will  then  be  4 : 


=  4  :  2.8  instead  of  4  :  3.41. 


The  speed  of  the  revolving  field  is  seen  to  be  very  high  with 
the  periodicities  commonly  employed,  and  before  we  can  make 


much  practical  use  of  such  a  revolving  field  it  is  necessary  to 
reduce  its  speed  by  some  means.  The  usual  method  adopted  is 
to  wind  the  stator  so  as  to  produce  more  than  one  pair  of  rotating 
poles.  Fig.  254  shows  a  stator  wound  with  just  twice  the  number 
of  coils  shown  in  Fig.  253,  and  if  we  consider  the  position  of  the 
poles  at  different  points  in  the  cycle  as  before,  we  see  that  we 
have  two  pairs  of  poles  rotating.  These  are  shown  in  Fig.  254  by 
the  dotted  lines,  and  are  formed  by  the  current  in  one  set  of  coils 
when  the  current  in  the  other  set  has  zero  value.     It  will  also  be 
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seen  that  the  field  revolves  once  Tor  every  two  complete  cycles. 
By  winding  the  stator  core  with  twice  the  number  of  coils  shown 
in  Fig.  254,  we  again  halve  the  sp:ed  of  the  revolving  field,  and 
it  is  therefore  evident  that  we  may  reduce  it  as  we  please  in  this 
way.  But  in  practice  the  stator  core  has  to  be  kept  within 
reasonable  dimensions,  and  the  slower  we  make  the  field  by  this 
method  the  larger  the  motor  becomes  for  any  given  outpuL 

With  a  three-phase  current  the  same  result  is  obtained  with 
less  leakage  and  a  more  uniform  rotating  field.     Fig.  355  shows 


(FwSrv  coantenonjoin  A,B,tC,ttgtthir. 
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Fig.  ass- 


the  winding  for  a  three-phase  stator  with  four  poles,  while  Fig.  256 
shows  two  phases  of  a  three-phase  drum  winding  for  six  poles,  two 
phases  only  being  shown  for  clearness. 

These  windings  can  be  connected  up  in  one  of  two  ways 
known  as  "star"  and  "mesh"  connection,  and  the  same  applies 
to  the  windings  on  the  three-phase  alternator.  I'hey  may  also 
be  kept  separate  throughout,  but  as  this  necessitates  six  line  wires, 
they  are  never  so  arranged. 
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For  raesh  connection  the  end  of  one  winding  is  connected  to 
the  beginning  of  the  next  so  as  to  form  a  closed  winding,  and  the 
mains  are  joined  to  the  points  connected  together,  as  shown 
diagramnnatically  in  Fig.  257.  In  such  an  arrangement  no 
current  can  flow  round  the  mesh  on  open  circuit,  for  the  sum  of 
the  e.m.f.'s  at  any  part  of  the  cycle  is  nought,  as  will  be  seen  by 
studying  the  curves  of  e.m.f,,  Fig.  247,     But  when  the  outside 


Rg-  256. 


circuit  is  dosed  the  windings  all  help  to  maintain  a  three-phase 
current  in  it. 

The  current  in  the  line  wires  with  mesh  connection  is  J^ 
times  the  current  in  the  armature  conductors,  i.e.,  1.73  times 
as  great.  This  is  easily  proved  when  we  remember  that  the 
algebraic  sum  of  all  currents  meeting  at  a  point  is  nought, 
which  is  only  another  way  of  saying  the  currents  arriving  at  any 
point  must  be  e<]ual  to  the  currents  leaving  il ;  or  there  would  be 
an  accumulation  at  the  point,  which  is  impossible, 
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Consider  the  \ector 


digram  of  the  three-phase  curreni,  Fig. 


as8,  and  the  corresponding  circuit.  Fig.   -j,.     —  -i  -j , 

represent  the  insinnianeous  value  of  the  line  currents,  and  i^  i^ 
and  ij'  the  same  instnntaneous  values  of  the  armature  currents, 
then— 

Again  (i  =  V-/"/ 

and  /.  =  ('i'  -  /„' 

and  /j  =  /.'  -  /j' 

for  the  algebraic  sum  of  the  currents  meeting  at  the  points  a  b 

and  i  must  be  also  equal  to  nought. 

Now  in  the  vector  diagram,  j|  (which  is  equal  to  i^  ~ »',')  may- 
be represented  as  the  resultant  of  i»'  and  i/  reversed,  as  shown 


Fie-  257- 

by  the  dotted  line.  The  value  of  the  resultant  (,  (the  current  in 
the  line)  is  then  equal  to  2// x  cosine  30",  as  will  be  seen  by 
examining  the  geometry  of  the  %ure. 

Therefore  »\  =  /,'  x  z  cos  30° 


There  is  therefore  a  saving  in  copper  for  the  line  by  using 
three  wires  connected  in  "mesh"  as  described,  instead  of  six 
wires,  in  the  proportion  of  6:3  x  1.73  or  6:5,19,  and  in  this  case 
the  e.m.f,  between  any  two  wins  is  no  grenter  than  it  would  be  if 
six  wires  were  u  ed  throughout.  It  should  also  be  noted  in 
passing  that  if  a  motor  be  connected  in  "  meih  "  in  the  same  way, 
the  current  in  the  line  wires  is   ^^  times  that  in  the  .stalor  coils. 
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With  star  connection,  one  end  of  each  winding  forms  a  common 
junction  ;  the  other  ends  are  connected  to  the  line  wires,  as  shown 
diagrammatical  I  y  in  Fig.  259.  Here  the  algebraic  sum  of  the 
three  currents  meeting  at  the  point  O  must  be  nought,  and  there- 


Fig.  259. 


fore  its  potential  is  nought.  If  a  connection  be  taken  from  this 
point  to  earth,  no  current  will  flow  either  way  while  everything 
remains  symmetrical,  but  if  there  be  a  want  of  balance  the  out  of 
balance  current  will  flow  by  the  earth  connection  if  the  neutral 
point  be  earth  connected  throughout.     This  is  often  done  in 
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practice,  and  for  lighting,  or  for  a  mixed  lighting  and  power 
transmission  scheme,  it  becomes  necessary  to  pro\-ide  a  fourth 
wire,  connected  to  the  neutral  point,  to  carry  the  out  of  balance 
current,  otherwise  large  differences  in  the  pressure  would  exist 
between  the  heavily  and  tightly  loaded  phases. 

The  armature  conductors  being  in  this  case  in  series  with  the 
line  wires,  the  current  must  be  the  same  in  both ;  but  the  e.m.f. 
between  any  two  line  wires  is  now  ;^/3  times  greater  than  that 
between  any  one  line  wire  and  the  neutral  point,  for  between 
any  two  line  wires  we  have  two  armature  coils  operating.     This 


Fig.  260. 


can  be  proved  by  plotting  rotating  vectors  for  e.m.f.  as  was  done 
for  currents  in  the  case  of  mesh  connection,  ?ig.  b6o,  for  if 
w,  v^  and  T'g  be  the  instantaneous  values  of  the  e.m.f.  induced  in 
the  three  armature  windings,  then  i',  +  ?'„  +  r,  =  o,  and  therefore 
v^  =  v^-v^,  &c.  Taking  the  p.d,  between  any  two  wires,  say 
A  and  c,  we  have — p.d.  between  a  and  c  = !',  - 1\,  and  by  taking 
the  resultant  as  before,  we  get — 

p.d.  between  a  and  c=  ^3  x  t\. 
As  the  current  in  the  line  wires  is  here  the  same  as  that  in  the 
armature  conductor,  we  get  a  saving  compared  with  a  six-wire 
connection  in  proportion  ofj  :  6,  or  50  per  cent,  and  42  per  cent. 
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over  the  mesh  connection,  but  the  insulation  must  be  able  to 
withstand  a  pressure  ^3  times  as  great. 

By  an  ingenious  arrangement  of  transformers,  as  shown  dia- 
gram mat  i  call  y  in  Fig.  261,  it  is  possible  to  change  from  two  to 
three  phase  and  via  versa.  The  secondary  winding  of  "  a  "  is 
divided  into  two  equal  parts,  a  and  b,  the  whole  being  calculated 
to  produce  the  required  line  voltage  on  the  three-phase  side. 
The  secondary  of  B  is  wound  with  ^3  times  the  number  of  turns 
in  a  or  b,  and  therefore  the  ratio  of  the  cm.f.'s  in  the  three 


Fig.  261. 


windings,  a,  b,  and  c,  is  1  ;  i  :  ^/j.  If  we  require  say  100  volts 
on  the  three-phase  side  from  1,000  volts  on  the  two-phase  side, 
the  turns  in  the  secondary  coils  a  and  b  must  each  be  ^'^  or  .025 
that  of  the  primary  coil,  while  the  turns  in  c  must  be  ^'3  times 
greater. 

One  end  of  B  is  now  connected  10  the  middle  point  of  a,  and 
the  e.m.f.  between  line  wires  3  and  t,  or  between  3  and  i)  is 
therefore  the  resultant  of  two  voltages  90°  apart,  which,  together 
with  that  between  i  and  a,  produce  three  equal  e.m.f's  lao" 
apart,  forming  a  true  three-phase  current,  with  a  periodicity  of 


i^iCooc^lc 


398 


ELECTRICAL  ENGINEERING. 


couree  equal  to  that  of  ihe  diphase  cuirenL     This  will  readily  be 
seuti  by  considering  the  corresponding  vector  diagram.  Fig.  262. 

Suppose  we  place  into  the  central  space  or  bore  of  the  sWior 
an  armature  or  rotor  similar  to  that  described  on  page  361  in 
connection  with  direct  cunent  machines,  and  further,  imagine 
that  we  short-circuit  the  commutator  by  clamping  round  it  a 
massive  copper  ring,  then  ail  the  separate  coils  will  be  of  very 
low  resistance  and  short-circuted,  and  therefore  a  small  e.m.f.  will 
induce  in  them  a  large  current. 

When  the  stator  coils  are  connected  to  the  mains  we  have  a 
magnetic  field  or  fields  revolving  in  the  space  now  occupied  by 
the  short-circuited  rotor,  and  consequently  each  coil  is  cut  by 
the  field  as  it  revolves.     We  therefore  get  e.m.f.'s  induced  in  the 
coils  depending  on  the  rate  of  cutting. 
We  have,  in  fact,  exactly  the  same 
thing  as  would  be  produced  by  hold- 
ing the  armature  of  the  direct  current 
dynamo  fixed  and  rotating  the  field 
round  it. 

The  short  -  circuited  rotor  con- 
ductors forming  a  circuit  of  such  low 
resistance  will  have  large  currents  in- 
duced in  them,  and  these  currents 
will  tend  to  oppose  that  which  pro- 
duces them  in  exactly  the  same  way 
that  the  current  in  the  direct  current 
e  tends  to  drive  it  in  the  opposite  direction.  The  rotor 
therefore  begins  to  rotate  in  the  same  direction  as  the  field  so  as 
to  prevent  the  field  cutting  the  rotor  conductors,  and  if  it  be  un- 
loaded it  runs  up  to  a  speed  little  short  of  that  of  the  field.  Of 
course  the  speed  of  the  rotor  can  never  be  equal  to  that  of  the 
field,  for  then  there  would  be  no  cutting,  and  therefore  no  e.m.f. 
or  current  in  the  rotor  conductors.  The  difference  between  the 
speed  of  the  field  and  that  of  the  rotor  is  known  as  the  "slip," 
and  the  e.m.f  induced  in  the  rotor  depends  on  the  slip. 

If  now  a  load  be  put  on  to  the  motor,  it  tends  to  slow  it  down 
and  increase  the  slip.  This  causes  a  higher  e.m.f.  to  be  developed 
and  a  larger  current  in  the  rotor  conductors,  and  as  a  very  small 
induced  e.m.f.  will  give  rise  to  a  very  large  current  on  such  a  low 


Fig.  262. 


listance  circuit,  the  slip  is  never  very  great. 
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Let  us  lak»;  for  simplicity  the  single  field.  If  the  armature  be 
fixed  the  slip  is  equal  to  the  speed  of  the  field,  while  if  the  rotor 
be  supposed  to  be  running  in  step  with  the  field,  the  slip  is 
nought.  We  can  speak  of  the  slip  as  being  equal  to  so  many 
revolutions  per  second,  and  this  is  proportional  to  the  load  up  to 
a  certain  hmit,  thus  : — 

Suppose  the  speed  of  the  field  be  20  revolutions  per  second, 
while  the  speed  of  the  rotor  be  j8  per  second,  then  the  slip  is 
equal  to  z  revolutions  per  second. 

At  each  slip  revoluiion  the  e.m.f.  and  current  in  the  rotor 
conductors  reverse  twice  in  exactly  the  same  way  as  in  a  two-pole 
dynamo  with  the  armature  rotating  at  a  speed  of  2  revolutions 
per  second,  and  the  current  that  flows  depends  on  the  e.m.f. 
induced  and  inversely  on  the  impedance  of  the  coils.  At  starting, 
with  Che  rotor  at  rest,  the  slip  is  a  maximum,  and  therefore  the 
e.m.f.  induced  in  the  rotor  conductors  has  its  maximum  value 
also.  But  the  impedance  is  also  a  maximum,  for  the  periodicity 
of  (he  induced  alternating  current  is  equal  to  that  in  the  mains, 
and  as  the  impedance  is  principally  due  to  the  reactance  of  the 
rotor  winding  (  =  2ir»L) — the  resistance  being  very  small— the 
starting  torque  is  not  very  great.  The  current  flowing  in  the 
rotor  winding  at  the  start  is  also  very  largely  out  of  phase,  and 
therefore  for  a  certain  time  during  each  cycle  ihe  rotor  conductors 
are  tending  to  revolve  in  a  direction  opposed  to  that  of  the  stator 
field,  and  the  starting  torque  is  that  due  to  the  difference  between 
the  turning  efforts  in  the  two  directions. 

Not  only  this,  the  rotor  ampere-turns  react  on  the  field, 
tending  to  oppose  the  interlinking,  and  therefore  the  greatest 
magnetic  leakage  will  be  at  a  time  when  the  rotor  current  is  a 
maximum  (at  starting),  and  therefore  at  the  moment  of  starting 
the  useful  induction  in  the  rotor  is  reduced  to  a  minimum,  just 
at  a  time  that  a  maximum  induction  is  most  needed.  For  these 
reasons  the  starting  torque  of  such  motors  is  not  very  lar^e. 

At  the  moment  of  switching  on  a  large  current  flows,  often 
from  two  to  three  times  the  full  load  current,  with  a  power  factor 
sometimes  as  low  as  .5,  which  is  very  objectionable,  for  it  causes  a 
sudden  drop  on  any  lamps  run  in  parallel  with  the  motor,  especially 
if  it  be  of  large  size  and  starting  under  load.  It  may  also  cause 
the  alternators  and  any  synchronous  machines  that  may  be  running 
to  start  "  hunting,"  and  it  is  for  these  reasons  that  such  motors 
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with  short-circuited  rotors  will  only  serve  for  the  smaller  sizes,  say 
up  to  5  h.p.  Above  this  size  it  is  necessary,  or  at  least  advisable, 
to  place  a  resistance  in  the  stator  or  rotor  circuit,  preferably  in 
the  latter. 

Of  course  it  will  be  understood  that  the  commutator  spoken  of 
earlier  is  absolutely  unnecessary,  and  was  there  used  only  as  illus- 
tration. In  practice  the  rotor  coils  are  connected  in  exactly  the 
same  way  as  the  coils  on  the  stator,  and  the  ends  instead  of  t>eing 
connected  to  the  mains  are  simply  joined  together  or  connected 
to  three  or  four  insulated  rings  on  the  rotor  shaft,  so  as  to  allow 
of  resistances  being  inserted  in  their  circuits  by  means  of  brushes 
pressing  on  the  "  slip  rings  "  as  they  are  called. 

If  a  resistance  be  put  in  the  stator  circuit  the  starting  current 
will  be  less,  the  starting  torque  being  less  also,  whereas  if  it  be 


\. 


\. 


**«"-  Slip  RevQlurions  " 

Fig.  263. 

placed  ill  the  rotor  circuit,  not  only  is  the  starting  current  less  but 
the  starting  torque  is  increased  at  the  same  time.  This  is  due  to 
the  fact  that  the  rotor  current  is  now  more  nearly  in  phase,  and 
the  demagnetising  and  opposing  effects  are  considerably  reduced. 
As  the  rotor  speeds  up  its  current  becomes  smaller,  but  gets 
more  and  more  into  phase  with  the  induced  e.m.f.,  and  the 
differential  action,  tending  to  uige  the  rotor  in  opposite  directions 
for  part  of  each  cycle,  gets  less  and  less,  the  demagnetising  action 
of  the  rotor  current  becomes  smaller  also,  and  consequently  the 
torqiie  increases  till  it  gets  to  a  certain  maximum.  Beyond  this 
point  any  further  increase  in  the  speed  of  the  rotor  (or  reduction 
in  the  slip)  causes  a  decrease  in  the  current,  which  being  already 
practically  in  phase  with  the  induced  e.m.f.,  causes  a  steady  fall  in 
the  torque,  so  that  when  running  unloaded  with  a  very  small  slip 
ihe  torque  is  again  very  small.     The  curve,  Fig,  363,  shows  the 


),g,t,..dDi.COOC^IC 


POLYPHASE    WORKING.  401 

variations  in  torque  for  variations  in  slip,  the  dotted  line  showing 
also  the  effect  of  a  rotor  resistance  at  starting. 

To  enable  us  to  put  a  resistance  in  the  rotor  windings,  it  is 
necessary  to  make  connection  to  them  as  they  rotate  by  brushes 
pressing  on  insulated  rings  on  the  shaft  as  described.  If  the 
motor  be  a  three-phase  machine,   then    three    resistances   are 


Fig.  265. 

required,  one  for  each  phase,  and  these  are  switched  in  or  out 
simultaneously  by  one  handle.  Liquid  resistances  are  sometimes 
employed  for  this  purpose.  When  the  motor  has  run  up  to  full 
speed,  the  insulated  rings,  known  as  "  slip-rings,"  may  be  short- 
circuited.  For  small  motors  up  to  about  5  h.p.,  the  rotor  winding 
often  consists  of  insulated  copper  bars  short-circuited  at  both  ends 


i^iCooc^lc 


401  ELECTRICAL  ENGINEERING. 

by  massive  copper  rings.    This  is  known  technically  as  a  squirrel 
cage  rotor. 

Single-phase  induction  motors  are  not  so  successful  as  poly- 
phase machines.  To  make  them  self-sorting  a  double  winding  in 
parallel  is  often  employed  with  an  inductance  oi  a  capacity  in  one 
of  the  circuits,  so  as  to  produce  a  small  phase  angle  between 
them.  But  the  most  that  can  be  done  in  this  direction  produces 
only  a  small  starting  torque,  and  this  with  a  fairly  large  starting 


Fig.  266. 

current.  For  this  reason  they  are  seldom  started  under  toad,  a 
loose  pulley  being  provided,  the  current  even  then  often  being  as 
much  as  the  full  load  current.  When  run  up  to  speed  one  set  of 
coils  may  be  cut  out,  or  the  whole  thrown  in  series  without  the 
starting  inductance  or  capacity. 

Consider  the  curve  of  torque  of  an  induction  motor.  Fig.  »63, 
If  we  revolve  the  rotor  in  the  opposite  direction  the  curve  of 
torque  continues  to  fall  off  as  the  slip  revolutions  in< 
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shown  in  Fig.  364.  Now  a  simple  single-phase  current  may  be 
supposed  to  produce  a  field  swinging  in  boih  directions,  giving 
rise  to  poles  first  at  one  end  and  then  at  the  other.  If  we  plot 
the  double  curve  of  torque  for  the  two  fields  swinging  in  opposite 
directions,  the  mean  of  the  two  shown  dotted  in  Fig.  265  re- 
presents the  curve  of  torque  for  such  a  motor,  and  shows  the 
reason  why  it  is  not  self-starting,  for  it  has  no  torque  when 
at  rest. 

If  we  rotate  such  a  motor  in  either  direction  by  some  external 
agent,  at  a  certain  speed  the  torque  produced  will  be  sufficient  to 
carry  it  to  full  speed,  a  large  current  being  taken  in  so  doing. 
Fig.  266  shows  the  stator  of  a  modem  three-phase  motor. 

Rotary  Converters. 

So  far,  in  this  country  at  least,  polyphase  induction  motors 
have  not  been  used  to  a  very  large  extent,  though  it  is  probable 
that  as  the  number  of  stations  generating  polyphase  currents 
increases,  the  demand  for  polyphase  motors  will  also  steadily 
increase. 

It  is  largely  owing  to  the  advent  of  the  "rotary  converter" 
that  polyphase  working  has  come  to  the  forefront  in  electrical 
engineering,  and  the  reason  we  find  many  modem  power  stations 
equipped  with  polyphase  curretit  machines,  for  with  them  we  can 
transform  up  or  down  with  static  transformers  and  so  get  all  the 
advantages  of  alternating  currents  for  long  distance  transmission, 
and  can  then,  when  desired,  transform  to  direct  current  in  sub- 
stations with  rotary  converters. 

Rotary  converters  may  be  made  for  any  number  of  phases, 
but  two-phase  and  three-phase  (sometimes  modified  to  six- 
phase)  are  the  only  ones  used  to  any  extent.  These  consist 
of  simple  direct  current  dynamos  with  two  or  more  poles 
(depending  on  the  power  to  be  transformed),  with  tappings  on 
the  armature  windings  at  points  90'  apart  for  diphase,  rio°  apart 
for  three-phase,  and  60°  apart  for  six-phase.  These  tappings 
are  connected  to  insulated  slip-rings  on  the  shaft,  usually  at  the 
opposite  side  of  the  armature  to  that  on  which  the  commulalor 
is  fixed.  The  single  armature  then  acts  as  the  rotor,  as  far  as 
the  polyphase  current  is  concerned,  and  as  the  armature  for  the 
direct  current.     The  field  magnet  is  usually  shunt  wound,  but 
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may  be  compounded  in  the  manner  described  in  connection  with 
the  compounding  of  direct  current  dynamos. 

Suppose  we  drive  such  a  machine  by  means  of  a  steam 
engine,  we  then  get  the  field  excited  in  the  ordinary  way  by  the 
shunt  winding,  and  a  continuous  p.d.  at  the  brushes  pressing  on 
the  commutator.  But  more  than  this,  we  get  an  alternating  e.m.f. 
on  the  brushes  pressing  on  the  slip-rings,  for  we  have  seen  that 
the  e.m.f.  induced  in  the  annatures  of  all  dynamos  is  alternating 
and  is  only  made  direct  in  the  external  circuit  by  employing  a 
commutator.  We  might  therefore  use  part  of  the  ener^  directly 
as  an  alternating  current,  and  commute  the  remainder  to  direct 
current 

Suppose  the  tappings  be  iio°  apart,  then  we  have  a  three- 
phase  generator  on  the  slip-ring  side,  exactly  similar  to  the 
three-phase  generators  explained  previously,  and  an  ordinary 
direct  current  dynamo  on  the  commutator  side.  We  have  in 
fact  two  machines  in  one,  and  get  exactly  the  same  result  as 
would  be  obtained  by  coupling  the  shafts  of  two  separate  machines, 
with  this  difference,  that  by  building  the  two  machines  in  one, 
the  efficiency  is  higher  and  the  first  cost  lower. 

Now  we  have  seen  that  ail  generators  and  motors,  whether 
they  be  direct  current  or  alternating  current,  single  phase  or 
polyphase  machines,  are  reversible,  and  therefore  we  might  use 
either  side  as  a  motor  to  drive  the  machine,  and  so  obtain 
current  from  the  other  side.  Thus  if  we  use  a  direct  current 
for  driving  the  machine,  it  runs  up  to  speed  as  an  ordinary  direct 
current  shunt-wound  motor,  and  as  the  armature  conductors  are 
revolving  in  a  magnetic  field  we  get  a  back  e.m.f.  induced  in 
them  (reversing  at  each  half  revolution  in  a  two-pole  machine) ; 
but  with  the  armature  winding  divided  up  into  three  equal  parts 
connected  to  the  slip-rings,  we  should  get  an  alternating  current 
in  each  coil  with  phases  lao'  apart,  and  we  can  therefore  take 
off  a  three-phase  current  from  the  slip-rings.  In  this  case  the 
power  taken  from  the  direct  current,  side  must  be  equal  to  that 
taken  from  the  three-phase  side  plus  that  required  for  the  losses 
in  the  machine. 

But  the  arrangement  may  be  reversed.  We  might  use  a 
three-phase  current  on  the  slip-rings  to  drive  the  machine,  in 
which  case  the  currents  in  the  armature  winding  would  be  flowing 
in  exactly  the  same  way,  as  r^ards  phase,  as  before,  providing  the 
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armature  be  running  in  synchrxmism.     We  can  therefore  take  a 
direct  current  from  the  commutator,  and  this  is  the  usual  practice 

The  voltage  between  the  line  wires  on  the  alternating  current 
side  bears  a  fixed  relation  to  that  on  the  direct  current  side  with 
any  given  machine.  It  may  be  varied  slightly  by  concentrating 
the  field  somewhal^  and  so  formii^  a  peaked  curve  of  e.m.f.  on 
the  alternating  side. 

But  with  the  ordinary  arrangement  assuming  a  sine  curve  we 
have — 
em.f.  between  mains  for  diphase=— 7=  — ,7071  or  70,71  per  cent. 


of  the  direct  e.m.f. 


ji' 


e.m.f.  between  mains  for  three-phase=^-^  =.6i  or  61  per  cent. 


Ji 


of  the  direct  e.m.f. 


v;" 


e.m.f.  between  mains  for  six-phase  =  — 7=  =  .3S35  or  35.35  per 

cent  of  the  direct  e.m.f. 
and  the  voltage  on  the  direct  current  side  will  remain  fixed  with 
varying  load  if  that  on  the  alternating  side  remains  fixed,  even 
though  the  field  strength  be  varied  over  wide  limits. 

It  will  be  noticed  that  [he  rotor  coils  in  such  machines  are 
all  connected  in  "  mesh "  for  the  alternating  side,  it  being  im- 
possible to  connect  them  in  "  star  "  owing  to  the  winding  forming 
a  closed  coil  for  the  direct  current  side.  With  three-phase  the 
current  in  the  line  wires  on  the  alternating  current  side  is  therefore 
^3  times  greater  than  in  the  armature  windings,  but  the  e.m.f  is 
^3  times  less. 

The  armature  winding  carries  also  the  current  taken  on  the 
direct  current  side,  and  as  we  cannot  have  two  separate  currents 
flowing  in  a  wire  at  the  same  time,  we  get  in  the  armature  winding 
the  algebraic  sum  of  the  direct  and  alternating  current.  This 
means  that  at  certain  times  during  a  revolution  some  coils  on 
the  armature  are  not  carrying  a  current  at  all,  while  others  are 
carrying  at  the  same  time  half  the  direct  current  taken  from  the 
commutator  in  the  ordinary  way  plus  the  instantaneous  value  of 
the  alternating  current. 

There  is,  therefore,  great  inequality  in  the  heating  of  the 
various  armature  coils,  those  nearest  the  tappings  getting  heated 
the  most,  and  those  midway  between  the  tappings  least 
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At  certain  times  during  a  revolution  some  coils  act  as  motor 
only,  and  at  other  times  they  act  as  generator.  With  the  two- 
phase  "rotary,"  when  a  tapping,  as  it  rotates,  passes  under  a 
commutator  brush,  the  machine  is  acting  neither  as  motor  nor 
generator,  the  current  simply  running  through  from  one  side  to 
the  other  direct  At  45°  from  this  position  the  coil  is  acting 
principally  as  generator.  From  this  position  to  90°,  where 
another  tapping  comes  under  a  brush,  the  generator  action 
decreases  and  the  motor  action  increases. 

With  the  three-phase  "  rotary  "  the  current  in  any  line  wire  on 
the  alternating  side  has  its  maximum  value  when  the  tapping  for 
that  line  is  just  passing  a  brush,  and  its  value  is  1.33  times  the 
direct  current.  A  coil  close  to  a  tapping  carries  a  maximum 
current  when  approaching  a  commutator  brush,  and  this  suddenly 
drops  to  one-eighth  its  value  as  it  passes  the  brush.  All  the  varia- 
tions in  current  flow  in  the  rotary  may  be  seen  by  considering  a 
simple  two- pole  dynamo  for  a  given  output,  and  superimposing  on  it 
the  instantaneous  values  of  the  alternating  current,  either  single, 
two,  or  three  phase,  for  any  number  of  positions  during  one 
rotation,  for  in  this  case  one  rotation  crTres|>onds  to  one  complete 
cycle  of  the  alternating  current  Space,  however,  forbids  us  doing 
this  here,  but  the  student  will  hnd  little  difficulty  in  doing  it  for 
himself  if  he  plot  vectors  for  the  alternating  current  to  scale,  and 
remembers  that  the  maximum  value  for  his  vectors  must  be  the 
ammeter  reading  divided  by  ,707,  and  that  the  effective  value  of 
the  e.m.f.  on  the  alternating  current  side  is  70,71  per  cent,  of  the 
direct  current  e.m.f.  for  single  or  diphase,  61  per  cent,  for  three- 
phase,  and  35.35  per  cent  for  six-phase;  and  for  this  purpose  he 
may  neglect  the  extra  power  required  on  the  motor  side  for 
meeting  the  extra  losses  of  the  machine. 

Single-phase  rotary  converters  are  not  used  to  any  extent,  for 
variations  in  the  heating  of  the  armature  coils  are  much  greater 
in  them  than  in  two  or  three  phase  rotaries,  the  ratio  being  for 
single,  two,  and  three  phase,  16:4:6.5.  They  require  more 
careful  setting  of  the  brushes  on  the  commutator,  and  they  are 
not  self-starling  from  the  alternating  side.  By  connecting  the 
transformers  up  with  a  slight  modification  we  may  convert  the 
three-phase  to  six-phase,  close  to  the  rot:;ry,  and  then  by  pro- 
viding six  slip-rings  and  a  six-phase  current  in  the  rotary,  the 
nequality  in  heating  is  much   less,   and   its   capacity  is  thus 
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increased  by  about  40  per  cent.  Fig.  267  shows  the  connections 
of  the  transformers  for  such  a  case. 

If  the  alternating  side  be  used  as  motor,  which  is  the  usual 
practice,  the  rotary  converter  acts  as  an  ordinary  synchronous 
machine,  and  al!  the  effects  produced  by  varying  the  excitation 
in  adjusting  the  power  factor  of  such  machines,  as  explained 
previously,  also  apply  to  the  rotary  converter. 

Any  modern  polyphase  synchronous  motor  or  rotary  converter 
may  be  started  without  the  field  excitation,  by  switching  it  directly 
on  to  the  alternating  mains,  for  owing  to  magnetic  hysteresis 
lag  in  the  pole  pieces,  and  the  large  eddy  currents  induced  in 

Hifih   Tension  Mams. 
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ramnii  immim 
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Fig.  267. 

the  metal  of  the  pole  pieces,  coil  frames,  &c.,  the  machine 
immediately  runs  up  to  synchronous  speed,  though  it  takes  a  very 
large  current  in  so  doing,  often  as  much  as  three  to  four  times 
the  full  load  current.  It  is  always  far  preferable,  where  possible, 
to  start  up  from  the  direct  current  side  by  running  the  machine 
as  a  direct  current  motor.  The  alternating  side  of  the  machine 
is  then  synchronised  and  switched  in  in  the  ordinary  way.  Where 
direct  current  is  not  available  a  polyphase  induction  motor  is 
sometimes  employed  for  starting,  being  disconnected  after  the 
rotary  is  switched  in.  Fig.  36S  shows  such  a  starting  motor 
built  up  on  a  prolongation  of  the  rotary  shaft.     If  it  be  started 
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by  joining  it  direct  on  to  the  mains,  as  is  often  done,  we  must 
take  the  precaution  of  short-circuiting  all  fuses,  instruments,  &c, 
or  the  excessive  starting  current  may  fuse  or  otherwise  injure 
them.  Again,  a  very  high  e.m.f.  will  be  induced  in  the  shunt 
winding  owing  to  the  alternating  (ield  created,  and  this  would 
probably  cause  the  insulation  to  break  down.  The  winding  has 
therefore  to  be  disconnected  in  several  places,  which  may  be  done 
on  the  switch-board.  This  applies  to  the  polyphase  synchronous 
motor,  as  welt  as  the  rotary  converter. 

A  centre  reading  voltmeter  or  synchronising  lamp  should 
then  be  connected  to  the  direct  current  terminals,  and  on  switch- 


Fig.  268. 

ing  on  the  alternating  current  the  machine  speeds  up,  and  the 
voltmeter  index  oscillates  with  a  smaller  and  smaller  ft^quency 
corresponding  to  the  diminishing  frequency  of  the  e.m.f,  on  its 
terminals.  When  the  machine  has  reached  synchronous  speed 
the  current  through  the  voltmeter  will  be  direct,  and  it  will  then 
give  a  steady  reading.  The  field  should  be  switched  in  at 
a  time  when  the  voltmeter  needle  is  swinging  slowly  from 
side  to  side,  and  care  must  be  taken  that  the  needle  is  on  the 
right  side  at  the  moment  of  switching  in,  otherwise  the  polarity 
on  the  direct  current  side  will  be  opposite  to  that  required.  To 
be  certain  that  the  potarify  is  correct,  it  should  be  tested  each 
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time.  If  it  be  found  wrong,  the  machine  must  be  switched  out, 
and  a  fresh  start  made. 

Rotary  conveners,  like  all  synchronous  machines,  are  very 
liable  to  start  hunting,  and  pulsations  on  the  alternating  side  are 
reproduced  on  the  direct  current  side,  therefore  all  rotaries  should 
be  provided  with  damping  coils.  When  working  normally,  however, 
there  is  very  little  armature  reaction,  for  the  effect  of  the  current 
on  one  side  of  the  machine  is  opposed  to  that  on  the  other  side. 

The  regulation  of  the  e.m.f.  on  the  direct  current  side  may 
be  effected  by  adjusting  the  e.m,f.  on  the  alternating  side.    This 


Fig.  *69. 

can  be  accomplished  by  what  are  known  as  induction  regulators, 
consisting  of  choking  coils  with  adjustable  cores,  one  on  each 
phase,  the  cores  being  connected  so  as  to  move  simultaneously ; 
or  by  varying  the  ratio  of  transformation  by  switching  in  or  out 
a  few  extra  turns  on  the  transformers.  In  some  cases  the  direct 
current  is  led  through  the  armature  of  a  small  direct  current 
dynamo,  built  on  a  prolongation  of  the  rotary  shaft,  and  the 
e.m.f.  is  regulated  by  adjusting  the  field  excitation  of  this  small 
dynamo.  In  Germany  rotary  converters  of  over  i,ooo  h.p.  are 
at  work  in  which  the  e.m.f,  on  the  direct  current  side  is  regulated 
by  leading  the  three-phase  current  through  a  supplementary  statoc. 
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and  varying  its  e.ni.r.  by  adjusting  (he  excitation  of  the  rotor, 
which  is  buiit  on  a  prolongation  of  the  rotary  converter  shaft.  Or 
a^in  the  rotary  may  be  compounded  so  as  to  give  a  lagging  cur- 
rent at  light  load  and  a  slightly  leading  current  at  full  load,  due  to 
the  altered  exdution  caused  by  the  load  on  the  direct  current 
side. 

Rotary  converters  are  only  successful  on  low  periodicity  circuits, 
for  in  well-designed  direct  current  machines  the  periodicity  of  the 
armature  coils  usually  lies  between  lo  and  15  cycles  per  second, 
and  therefore  with  high  frequencies  the  direct  current  side  of 


rotary  converters  is  difficult  to  design  successfully.  For  frequencies 
above  25  motor-generators  are  probably  preferable. 

A  motor-generator  consists  of  an  alternating  current  motor, 
either  synchronous  or  n  on -synchronous,  single  or  polyphase, 
coupled  to  a  direct  current  generator.  With  these  there  is  no 
difficulty  or  trouble  with  parallel  running,  and  the  e.m.f.  on  the 
direct  current  side  can  be  regulated  in  the  ordinary  way  by  an 
adjustable  resistance  or  rheostat  in  the  shunt  exciting  circuit. 

In  polyphase  circuits,  the  power  is  usually  measured  by  means 
of  wattmeters.  In  many  cases  the  different  phases  are  always 
equally  loaded,  for  instance,  where  the  power  is  used  for  running 
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rotary  converters  or  polyphase  motors,  in  which  case  the  reading 
of  a  single  wattmeter  inserted  in  one  of  the  phases,  multiplied  by 
the  number  of  phases,  two  or  three,  as  the  case  may  be,  gives 
the  total  power  delivered  (see  Fig.  269). 

When  the  different  phases  are  used  for  various  purposes,  they 
may  not  be  eciually  loaded.  The  power  on  each  phase  may  then 
be  taken  separately  and  added  together  for  the  total  power.  For 
this  purpose  two  or  three  wattmeters  are  employed,  one  in  each 
phase  (Fig,  270).  These  should  be  similar  instruments,  or  at 
least  thdr  pressure  coils  should  be  equal  in  resistance. 


The  same  result  may  be  obtained  for  three-phase  systems 
with  two  wattmeters  only,  as  shown  in  Fig.  271.  In  this  case 
the  algebraic  sum  of  the  readings  must  be  taken,  for  if  the 
power  factor  be  less  than  0.5,  the  relation  of  the  currents  flowing 
in  the  current  and  pressure  coils  of  one  instrument  causes  it  to 
have  a  negative  reading,  and  the  difference  instead  of  the  sum 
then  gives  the  true  power.  With  power  factors  above  .5  the 
readings  are  to  be  added  together.  Special  double  instruments 
having  two  fixed  and  two  movable  coils  attached  to  a  single 
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spindle  and  index  finger  are  sometimes  employed  for  this  purpose. 
These  are  connected  up  in  a  similar  manner  (Pig.  273)1  and  the 
single  inslnitnent  then  indicates  true  power  delivered  by  the 
nhole  of  the  three  phases  irrespective  of  inequality  in  load  and 
power  factor,  for  such  an  instrument  sums  up  algebraically  the 
double  reading. 


I^ifi-  273- 

Fig.  273  shows  a  modern  three-phase  rotary  converter,  and  the 
method  of  adopting  polyphase  currents  to  the  requirements  of 
modern  traction  in  this  country  is  illustrated  diagrammatically  in 
essentials  in  Fig.  274,  and  needs  but  little  explanation,  "a" 
represents  a  three-phase  alternator,  generating  at  say  5,000  volts, 
TTT  are  three-phase  transformers,  or  three  single-phase  trans- 
formers, one  on  each  phase,  in  substations  along  the  line,  which 
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transform  down  to  305  volts.  Rc  represent  rotary  converters, 
converting  from  three-phase  to  direct  current  at  500  volts,  f  k 
are  feeders  supplying  direct  current  to  the  line  or  third  rail,  which 
is  divided  into  sections.  The  current  returns  by  the  track  rails, 
which  are  electrically  connected  or  "  bounded "  by  stout  copper 
bonds,  and  these  are  connected  to  the  negative  bus  bars  at 
intervals. 

In  polyphase  working  a  separate  transformer  may  be  employed 
on  each  phase,  and  this  is  the  usual  practice  in  America.  Two- 
phase  or  three-phase  transformers  built  on  a  common  two  or 
three-limb  structure  are,  however,  commonly  employed  on  the 
Continent,  and  these  maintain  better  pressure  regulation  where 
there  is  any  inequality  in  the  load  on  the  various  phases,  as 
where  lighting  is  done  from  the  same  mains,  for  owing  to  the 
interconnection  of  the  field  flux  the  lightly  loaded  phase  acts  as 
a  booster  to  the  more  heavily  loaded  phase,  thus  keeping  the 
pressure  much  more  constant. 

It  is  quite  within  the  range  of  possibility  that  at  some  future 
period  three-phase  currents  may  be  used  direct  on  three-phase 
induction  motors,  thus  doing  away  with  transformers  and  rotary 
converters  in  traction  work ;  but  though  this  system  has  been 
used  to  a  small  extent  on  the  Continent,  it  has  not  found  favour 
in  this  country  so  far. 

Several  schemes  have  been  put  forward  for  electrically  operat- 
ing existing  steam  railways.  In  one  it  is  proposed  to  use  a  single- 
phase  synchronous  motor  directly  coupled  to  a  dynamo  on  the 
locomotive,  and  take  the  direct  current  through  the  controlling 
apparatus  to  the  motors.  In  thi^  case  the  synchronous  motor 
would  be  running  continuously,  even  when  the  train  is  at  rest  at 
stations,  but  they  are  very  efficient,  and  unlike  induction  motors, 
the  power  factor  may  be  adjusted  somewhat  for  varying  loads.  In 
this  case  only  a  single  line  wire  or  third  rail  would  be  required,  and 
as  the  high  pressure  single  phase  current  may  be  connected  direct 
on  to  the  stator — if  sufficient  care  be  taken  with  the  insulation — 
there  would  be  no  need  for  transformers  and  rotary  converters. 
But  these  systems  require  a  lot  of  experimental  work  before  they 
could  be  adopted  on  a  commercial  scale,  whereas  the  rotary  con- 
verter system  has  been  proved  successful  under  ordinary  working 
conditions.  It  is  therefore  likely  that  its  use  will  continue  to 
grow  for  some  years. 
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QUESTIONS. 

Chapter  I. 

1.  State  Ohm's  law.  The  e.m.f.  in  a  circuit  being  105  volts 
and  the  resistance  10  ohms,  what  is  the  value  of  the  current 
flowing?  {Ans.   10.5  amperes.) 

3.  The  resistance  of  a  circuit  is  5  ohms,  and  a  current  flows 
in  it  of  25  amperes.     What  is  the  e.m.f,  in  the  circuit? 

{^Ant.  1*5  volts.) 

3.  What  is  [he  resistance  of  a  circuit  carrying  a  current  of 
35  amperes,  the  e.m.f.  being  100  volts?  {^Ans.  4  ohms.) 

.j.  A  dynamo  generates  105  volts,  and  supplies  a  current  of 
75  amperes.  If  its  resistance  be  .015  ohm,  what  is  the  potential 
difference  on  its  terminals?  {^Ans.   103.87  volts.) 

5.  What  is  the  p.d,  at  the  further  end  of  a  pair  of  mains  having 
a  resistance  of  ,075  ohm  when  carrying  a  current  of  50  amperes, 
the  p.d.  at  the  station  end  being  103  volts?      {Ans.  99.25  volts.) 

Chapter  II. 

6.  Define  work,  power,  joule,  and  watt.  Show  how  they 
.ire  related.  Explain  also  the  mechanical  and  electrical  units  of 
horse-power  and  the  relation  between  them. 

7.  A  wire  has  a  resistance  of  50  ohms,  and  a  p.d.  of  aio 
volts  is  maintained  on  its  ends.  What  is  the  power  absorbed 
by  it?  {Am.  882  watts.) 

8.  An  incandescent  lamp  t.ikes  a  current  of  .6  ampere  at 
105  volts.     What  power  does  it  absorb  ?  i^Am.  63  watts.) 

9.  A  dynamo  has  a  resistance  of  .01  ohm  and  delivers  a 
current  of  150  amperes  through  mains  having  a  resistance  of 
.02  ohm.  What  is  the  power  absorbed  by  the  dynamo  and  mains, 
and  where  does  it  go? 

{^Ans.  Dynamo,  325  watts;  mains,  450  watts.) 
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Chapter  III. 

10.  Find  the  resistance  of  a  copper  wire  3,000  ft.  long  and 
.0005  sq.  in.  in  sectional  area ;  the  resistance  of  a  cubic  inch  of 
copper  may  be  taken  as  .66  microhm.  {Ans.  31.68  ohms.) 

11.  The  field  magnet  winding  of  a  certain  dynamo  has  a 
resistance  of  15.5  ohms,  the  sectional  area  of  the  wire  being  .0003 
sq.  in.     What  is  the  length  of  (copper)  wire  on  the  spools  7 

{Ans.  391.4  ft.) 
13.  In  a  given  room  there  are  ten  lamps,  three  being  3a  cp., 
each  having  a  resistance  of  180  ohms,  four  being  16  cp., 
each  having  a  resistance  of  160  ohms,  and  three  8  cp.  with  a 
resistance  of  330  ohms  each.  What  is  the  resistance  of  the  whole 
in  parallel?  {Am.  13.9  ohms.) 

13.  Two  conductors  in  parallel  have  a  resistance  of  64  ohms. 
If  oiie  of  the  conductors  has  a  resistance  of  330  ohms,  what  is 
the  resistance  of  the  other?  {Ans.  80  ohms.) 

14.  Three  conductors  a,  b,  and  c,  are  in  parallel.  A  has  a 
resistance  of  300  ohms,  a  and  b  in  parallel-63.158  ohms. 
B  and  c  in  parallel  •>  8.8  ohms.  Find  (i)  the  resistance  of  B  and  C 
separately;  (3)  the  resistance  of  a  and  C  in  parallel;  (3)  the  re- 
sistance of  A,  B,  and  c  in  parallel. 

{Ans.  {])  B^8o  ohms,  c=io  ohms;  {s)  9.677  ohms; 
(3)  8.633  ohms.) 

15.  What  roust  be  the  sectional  area  of  a  pair  of  mains  so 
that  on  a  length  of  75  yds.  carrying  300  amperes,  there  shall 
not  be  more  than  t.5  volts  drop.  State  and  explain  the  meaning 
of  the  current  density  employed  in  this  case.        {Ans.  .47  sq.  in.) 

16.  In  a  tramway  system  the  trolley  wire  is  .135  sq.  in.  in 
sectional  area.  Both  ends  of  a  half-mile  section  are  connected 
to  feeders  at  a  p.d.  of  500  volts  above  the  rails.  If  in  a  certain 
case  five  Cramcars  happen  to  be  equally  distributed  on  the  half-mile 
section  (the  first  car  at  either  end  being  440  ft.  from  the  feeding 
point),  each  car  taking  a  current  of  60  amperes,  what  b  the 
maximum  drop  in  potential  on  the  section  ? 

\N.B. — The  resistance  of  a  cubic  inch  of  the  trolley  wire  may 
be  taken  as  .66  microhm.]  {Ans.  7.53  volts.) 
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Chapter  IV. 


17.  State  the  laws  relating  to  the  production  of  heat  by  an 
electric  current.  What  will  be  the  ratio  of  the  currents  which 
will  produce  in  one  second  the  same  amount  of  heat  in  two  wires 
of  the  same  material  and  length  if  the  radius  of  one  wire  is  twice 
that  of  the  other?  {Am.  1  ;  a.) 

18.  Define  calorie.  A  dynamo  has  a  resistance  of  .03  ohm 
and  delivers  a  current  of  no  amperes.  How  many  calories  are 
developed  in  it  per  minute?  {Ans.  3484.8  calories.) 

19.  How  many  pints  of  water  will  be  boiled  in  30  minutes 
in  a  vessel  having  an  efficiency  of  S5  per  cent.,  starting  temperature 
15°  C,  if  2,000  watts  be  employed  throughout? 

{Am.  15.2  pints.) 

30.  An  iron  wire  .115  sq.  in.  in  section,  no  yds.  long,  carries 

a  current  of  50  amperes.     How  many  calories  are  developed  in 

it  per  minute?  {Ans.  4,352  calories.) 

Chapter  V. 

21.  Sketch  the  field  round  a  straight  conductor,  a  loop,  and 
a  solenoid  when  carrying  a  current,  and  explain  each  as  far  as 
you  can. 

22.  Explain  the  relation  between  (1)  total  lines;  (i)  magnetic 
density  in  any  given  case. 

23.  A  conductor  50  cm.  long,  carrying  a  current  of  aoo  amperes, 
stands  at  right  angles  to  the  direction  of  a  magnetic  field  whose 
intensity  is  r,ooo.  What  is  the  force  in  pounds  acting  on  the 
conductor,  and  in  what  direction  does  it  act  ? 

{Ans.  2.2s  lbs.) 

34.  What  will  be  the  current  required  to  produce  a  flux  of 
2,50olinesof  forceat  the  centre  of  a  coil  100  cm,  long,  30  sq,  cm, 
in  sectional  area,  wound  with  450  turns  of  wire? 

{Ans.  22.2  amperes.) 
Chapter  VI. 

35.  A  ring  of  iron,  circular  in  section,  is  wound  evenly  all 
round  with  500  turns  of  wire.  The  inside  and  outside  diameters 
of  the  ring  are  15  and  35  cm.  respectively.  If  a  current  of  5 
amperes  be  employed,  and  /i  =  25o,  what  will  be  the  total  fiux 
produced  in  the  ring?  (Ans.  244,000  lines.) 
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36.  What  current  will  be  required  to  magnetise  a  ring  of 
iron  6  in.  in  mean  diameter  to  a  density  of  16,000  lines  per  sq. 
cm.  if  it  be  wound  with  aoo  turns  of  wire,  and  the  permeability 
of  the  iron  at  the  given  density  be  350  7         {Ans.  13.2  amperes.) 

37.  What  is  the  effect  of  an  air  gap  in  an  otherwise  closed 
iron  magnetic  circuit  7  If  the  pole  pieces  be  30  cm.  long  and 
ao  cm.  broad,  what  will  be  the  effective  area  of  an  air  gap  .75 
cm.  long?  (Ant.  661.44  ^-  <^™-) 

18.  Explain  in  detail  the  method  of  calculating  the  exciution 
of  a  bipolar  dynamo  of  given  dimensions. 

Chapter  VII. 

19.  Distinguish  between  the  chemical  and  electro-chemical 
equivalents  of  an  element  What  weight  of  hydrogen  is  separated 
from  water  by  the  passage  of  1,000  coulombs  of  electricity,  given 
that  the  chemical  equivalent  of  copper  is  31.5,  and  its  electro- 
chemical equivalent  .000328  per  coulomb  ?       (Ant.  .0104  gram.) 

30.  A  current  of  50  amperes  is  passed  through  a  solution  of 
gold  cyanide  for  five  hours.  How  much  gold  will  be  deposited? 
The  ECE  of  gold  =  .00068.  (Ans.  1.35  lbs.) 

31.  What  is  meant  by  polarisation  ?  State  how  it  is  prevented 
in  any  cell  you  are  acquainted  with. 

33.  Explain  with  sketches  the  construction  and  action  of 
any  primary  cell  known  to  you.  What  is  local  action,  and  how  is  it 
prevented  ? 

Chapter  VI  !I. 

33.  Explain  the  behaviour  of  accumulators  during  charge  and 
discharge,  giving  the  chemical  action  which  takes  place  in  each 
process  as  far  as  you  can. 

34.  Explain  the  consiruction  of  a  pasted  form  of  accumulator. 
What  e.m.f.  would  you  employ  for  completely  charging  75  cells 
in  series  ? 

35.  How  would  you  measure  the  efficiency  of  a  set  of  ac- 
cumulator cells  ? 

36.  At  what  e.m.f.  would  you  consider  a  set  of  56  accumulator 
cells  to  be  dischaiged  ?  What  is  the  maximum  internal  current 
density  you  would  allow  for  the  positive  plates?  Why  is  it 
detrimental  to  leave  cells  in  an  uncharged  condition  for  long 
periods? 
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37.  What  are  the  essential  difTerences  between  voltmeters  and 
ammeters  of  the  same  make,  and  why  ace  they  necessary  ? 

38.  Explain  the  construction  and  action  of  what  you  consider 
to  be  the  best  ammeter  for  a  central  station  switchboard. 

39.  Explain  fully  a  method  of  calibrating  an  ammeter,  and  the 
precautions  to  be  taken. 

40.  Describe  any  hot  wire  instrument  known  to  you.  How 
is  it  compensated  to  allow  for  variations  in  the  temperature  of 
the  surrounding  space? 

41.  What  is  an  electro-static  voltmeter?  Explain  the  principle 
of  any  such  instrument  known  to  you. 

Chapter  X. 
43.  What  are  the  chief  points  to  be  considered  in  choosing 
an  electricity  supply  meter?    Give  reasons  for  your  answer. 

43.  State  the  differences  between  an  ampere  hour  meter 
and  a  watt  hour  meter.  What  is  meant  by  "running  on  the 
shunt"  in  connection  with  the  latter? 

44.  What  is  a  maximum  demand  indicator,  and  of  what  service 
is  it  to  the  station  engineer  ? 

Chapter  XI. 
45-  Explain  the  construction  of  the  most  sensitive  galvano- 
meter known  to  you,  and  point  out  wherein  its  sensitiveness  lies. 

46.  What  are  the  differences  between  (i)  a  ballistic  galvano- 
meter; (a)  a  Kelvin  mirror  galvanometer;  (3)  a  D'Arsonval 
galvanometer?  Mention  any  cases  known  to  you  where  the  first 
would  be  used  in  preference  to  the  others. 

47.  What  is  a  galvanometer  shunt,  and  what  is  its  object? 
If  a  galvanometer  of  1,000  ohms  resistance  be  shunted  with  3.5 
ohms,  what  fraction  of  the  total  current  does  it  measure,  and  what 
resistance  must  be  added  to  keep  the  resistance  of  the  circuit 
constant  when  the  shunt  is  used?       {Ans.  .00349,  997-51  ohms.) 

48.  Explain  the  method  you  would  adopt  for  measuring  a 
resistance  approximating  to  a  m^ohm,  and  one  of  approximately 
.001  ohm. 

49.  Explain  the  theory  and  method  of  using  the  Wheatstone 
bridge  for  measuring  resistances. 
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Chapter  XII. 

50.  What  13  a  potentiometer?  Explain  by  means  of  a  simple 
diagram  the  method  of  using  it 

51.  Explain  exactly  how  you  would  measure  an  &in.f.  of 
approximately  zoo  volts  by  means  of  the  potentiometer. 

53.  What  is  a  condenser?  How  would  you  use  it  to  compare 
e.m.f 's  ?     Give  a  sketch  of  the  circuit  employed. 

53.  Given  a  standard  magnet  of  known  lines  and  turns,  show 
how  you  would  use  it  to  determine  the  permeability  of  a  specimen 
of  iron. 

Chapter  XIII. 

54.  Describe  any  arc  lamp  known  to  you,  explaining  the 
method  adopted  for  striking  the  arc  and  maintaining  it  at  con- 
stant length. 

55.  What  is  an  arc  lamp  compensating  resistance?  Why  is  it 
unnecessary  with  lamps  in  series  ? 

56.  Why  should  series  arc  lamps  be  provided  with  a  shunt 
coil  for  feeding?  What  is  an  automatic  cut  out?  Explain  its 
action  in  connection  with  arc  lamps. 

57.  State  the  advantt^ses  and  disadvantages  of  open  and 
enclosed  arc  lamps. 

Chapter  XIV. 

58.  State  as  Ear  as  you  can  the  process  of  incandescent  lamp 
manufacture.    What  is  meant  by  "  flashing  "  the  filament  ? 

59.  Explain  what  you  consider  to  be  the  best  method  of 
instating  incandescent  lamps  in  (i)  a  private  house;  ^3)  a  lai^ 
factory.  Show  where  you  would  provide  fuses  and  switches  in 
each  case. 

60.  How  would  you  determine  the  efiiciency  of  a  batch  of 
incandescent  lamps?  What  efficiency  would  you  consider  the 
best  for  an  ordinary  house  in  a  large  town,  and  why? 

61.  What  special  arrangements  would  you  adopt  for  measuring 
the  efficiency  of  an  arc  lamp  ? 

Chapter  XV. 

63.  On  what  does  the  e.m.f.  of  a  direct  current  dynamo 
depend  ? 

63.  What  is  the  reason  for  building  the  armature  core  of  thin 
discs  of  iron  instead  of  a  solid  piece  ? 
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64.  Explain  exactly  the  method  adopted  for  obuining  a  con- 
tinuous current  in  the  external  circuit  from  the  alternating  current 
in  the  armature  conductors. 

65.  What  are  the  differences  between  series,  shunt,  and  com- 
pound machines?    Explain  each  with  characteristic  curves. 

66.  Why  do  carbon  brushes  minimise  sparking? 

67.  Explain  the  meaning  of  armature  reaction. 

68.  Show  how  you  would  connect  (i)  two  series  dynamos  in 
parallel ;  (3)  two  shunt  dynamos  in  series. 

Chapter  XVI. 

69.  On  what  does  the  torque  or  turning  effort  of  a  motor 
depend?  A  two-pole  motor  is  wound  with  400  armature  con- 
ductors. Tolal  flux'^iooooooo.  What  is  the  torque  produced 
by  a  current  of  30  amperes?  {Ans.  141  pound  feet.) 

70.  What  are  the  characteristic  pro|)erties  of  (i)  a  series, 
(2)  a  shunt-wound  motor?  How  may  the  speed  of  the  latter 
be  varied  ? 

71  Explain  the  arrangement  of  series -parallel  control  of 
tramway  motors.  Why  is  it  necesssry  to  have  a  starting  resistance 
with  motors? 

7a.  Explain  with  sketches  some  form  of  motor  starter  for  a 
shunt-wound  motor  with  automatic  overload  release. 


Chapter  XVII. 

73.  What  is  meant  by  "inductance"  and  "impedance"  in  an 
alternating  current  circuit? 

74.  What  is  meant  by  "power  factor,"  and  "angle  of  lag"? 
If  a  coil  having  a  resistance  of  10  ohms,  and  a  coefficient  of  self- 
induction  of  .1  henry,  be  connected  to  mains  at  300  volts  60 
cycles,  what  current  will  flow,  and  what  will  be  the  angle  of  lag 
and  the  power  factor  ? 

(Am.  Current  =  5.is  amperes;  power  factor  — .257  ;  angle 
oriag-75°.) 

75.  Explain  the  effects  produced  by  connecting  inductances 
and  capacities  in  series  and  in  parallel  ? 

76.  Explain  any  method  known  to  you  of  measuring  the 
power  in  an  inductive  circuit.     If  the  ammeter  reads  to  amperes 
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and  the  voltmeter  1,000  volts,  while  the  power  factor   of  the 
circuit  be  .7,  what  is  the  angle  of  lag  and  the  true  power? 

{Am.  Power  =  7,000  watts ;  angle  of  lag  =  45°.) 

Chapter  XVIII. 

77.  What  factors  detennine  the  e.m.f.  generated  by  an  alter- 
nator? Give  diagrammatically  the  winding  for  a  single-phase 
drum  wound  alternator. 

78.  Describe  some  form  of  transformer.  What  determines 
the  ratio  of  the  primary  and  secondary  volts?  What  ts  hysteresis, 
and  how  does  it  affect  the  efficiency  ? 

79.  What  are  the  chief  differences  between  synchronous  and 
induction  motors  ?  State  as  far  as  you  can  the  characteristics 
of  each.     What  is  "hunting,"  and  how  is  it  minimised? 

80.  What  is  a  synchroniser?  Explain  with  sketches  how  you 
would  connect  two  alternators  in  parallel 

Chapter  XIX. 

81.  Sketch  the  winding  of  a  three-phase  alternator.  How  may 
a  rotating  magnetic  field  be  produced  with  a  three  phase  current? 

S3.  Explain  "star"  and  "mesh"  connection.  What  is  the 
ratio  of  the  currepts  in  the  mains  for  a  given  power  transmitted 
with  star  and  mesh  connection? 

83.  What  is  a  "rotary  converter"?  What  precautions  would 
you  take  in  starting  up  from  (i)  the  direct  current  side;  (1)  the 
alternating  current  side  ?  How  is  the  e.m.t  on  the  direct  current 
side  regulated  ? 

84.  What  is  the  ratio  of  the  cm.f.'s  on  the  alternating  and 
direct  cuirent  side  for  a  diphase  and  a  three-phase  rotary  converter? 
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—  winding  in  series,  373 
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38s 
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—  diphase,  386 

—  multipolar  revolving  Reld,  372 
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393 
~  three-phase  star  connection,  395 
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induction  motors,  3S3,  3SS 

—  curve  of  torque  in,  400,  401 

—  impedance  in,  399 
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—  single- phase,  366 

—  slip  revolutions  in,  401 

—  slip  rings  for,  400,  401 
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—  starting  current  in,  399,  400,  403 
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dary,  359 
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—  cosine  of  angle  of  lag  m,  338 

—  current  in  phase  in,  330,  333 

—  current  out  of  phase  in,  337 

—  dielectric  hysteresis  in,  345 

—  c.m.f.  of  self-induction  in,  334,  339 

—  effective  e.ni.f.  and  current  in,  330 

—  Bat-topped  curves  in,  33S 

—  frequency  or  periodicity  in,  336,  327 

—  fundamental  and  harmonics  in,  337, 
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—  impedance  in,  341 
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—  leading  currents  in,  345 

—  load  or  power  component  in,  339 
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T  method  of  measuring 
power,  344 

—  three  voltmeter  method  of  nieasunng 
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—  trigonometrical  ratios  in,  325,  326 

—  vector  diagrams  in,  315 
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-hot  w 
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Weston,  120 
Ampere,  the,  18 
Ampere-hour,  96,  99 

—  meter,  135 

Ampere  turns  in  ammeter,  1 1$ 

—  back,  283 

—  calculation  of,  84 

—  m  voltmeter,  119 

—  of  armature,  *8o 

—  ol  field  magnet,  83 

—  relation  to  H,  70 

Analogy,  hydianlic,  of  electric  circuit,  3 

—  charging  condenser,  190 

-—  of  electric  and  magnetic  circuit,  68 
Amylacetate  lamp,  149 
Angle  of  tead,  281 
Arc,  electric,  203 

—  apparent  resistance  of,  230 
~backe.m.f.  in,  a30 

—  crater  of,  303 

—  e.m.f.  required  to  mainUin  the,  3W 

—  enclosed,  212 

—  heat  of,  203 

—  hissing  in  the,  320 

—  illuminiling  power  of  the,  318,  323 

—  length  of  the,  303,  214 

—  resistance  of  the,  203,  330 

—  striking  the,  202 
Arc  lamps,  203 

—  Brockie-Pell,  206 

—  candle-power  of,  226 

—  carbons  for,  203,  221,  222 

—  consumption  of  carbon  in,  203,  ai3 

—  cored  carbons  for,  221 

—  curves  of  candle-power  of,  333-136 

—  enclosed,  311 

—  feeding  in,  302,  207 

—  Ibr  alternating  currents,  223 

—  globes  for,  318,  234 

—  impurities  in  carbon  for,  113 

—  in  parallel,  203 

—  in  series,  204 
— .  Jandus,  215 

—  power  absorbed  by,  204 

—  quality  of  carlmns  lor,  213 

—  steadying  resistance  for,  204 

—  striking  arc  in,  302,  206 

—  volatilisation  of  carbons  in,  213 
Ark  lamp,  216 

Armature  conductors,  361,  263.167 

—  driving  of,  2S8 


i^iCooc^lc 


Armature,  pull  on,  sSS 
Armaiure  ban,  367 

—  corea,  3$? 

—  constmction  of.  259-167 

—  imalation  of,  ^l 

—  Ismiiution  <^  cote  of,  IJ9 

—  reaction,  359,  284 

—  resislBiice  of,  364,  270 

—  winding,  364-365,  376 
Armalures  of  electro-niapMI,  So,  3$6, 

—  of  dyoaniO,  359 
-;-  types  of,  361 

—  diiim  and  liiu;,  z6i 

—  healing  of,  sSa,  z6z 

—  propottioDS  of,  36; 

—  ampere  lams  of,  383,  383 
Aron  meter,  145-153 
Atomic  weight,  93 

Atlisclion  and  repulsion  between  f^a  raJIel 

condnctors,  62 
Automatic  cnt-oul,  20S,  z  10 
Average  e.m.f.  and  current,  339 


BACKe.m.f.  of  accumulators,  M 
—  of  motors,  304,  305,  313 

—  ofself-induclion,  334,  339 

—  ampere  tuma,  283 
Backward  lead  in  motors,  334 
Ballistic  galvanometer,  163 
Batteries,  97 


-  bichro 


^  103 


—  Daniell'i,  l< 

—  dry,  103 

—  Fuller  bichrumate,  103 

—  I^eclanch^,  103 

—  primaiy,  97 

—  secondary  (see  Accumulators) 
Bearings,  dynamo,  394 
Bichromate  cell,  103 

Booid  of  Tiadc  Unit,  134 

Boiling  in  accumulators  (tee  Accuma- 

laton) 
Bridge,  slide  wire,  170,  171 
Bridge,  Wbeatslones,  tw 

—  P.O.  form,  17a 

—  measurement  of  resistance  by,  175 


Brushes,  397 

—  spartcii^  at,  398 

—  carbon,  397 

Buckling  of  accumulator   plates 
Accumulalois) 

—  grease  spot  photometer,  350 


CCS.  nrstem,  15 
.    Calibistion,  130 
Calorie,  44 

Candle,  standard,  349,  35O 
Candle-power  of  arc  lamps,  133,  155 

—  of  incandescent  lamps,  331,  253 

Capacity  of  accumulators  (w«  Accumu- 
lators) 

—  ofaorcnit,  347 

—  of  a  condenser,  345 

—  of  mains,  24,  38 

—  unit  of,  189 
Carbon  filaments,  331 

—  manubcture  erf',  335-135 

—  resistance  of,  5 1 ,  335.  343 
Carbons  for  arc  lamp^,  303,  331,  333 

—  consumpdon  of,  303.  313 

—  lor  enclosed  arc  lamps,  313 

—  volatilisation  of,  311 
Carceltamp,  349 
Caidew  voltmeter,  127 
Cast-iron  tield  magnets,  385,  375 

—  density  in,  76 
Cell  (see  Battery) 

—  consumption  of  dnc  in,  99 

—  secondary  {see  Accumulatort] 
Chatacteilslic  curve  of  meter,  142 

—  of  compound  dynamo,  280 

—  of  separately  exdled  dynamo,  376 

—  of  series  dynamo,  376 

—  of  shunt  dynamo  377 
Chargins accumulator,  curve  of,  ill 
Chemical  action  in  charge  and  dinduage, 

—  in  bichromate  cell,  104 

—  in  Daoiell's  cell,  9S,  99 

—  in  Leclanchj  cell,  101 
Chemical  equivalents,  95 
Circuits,  parallel,  30 

—  series  parallel,  35 

—  self-tnd  action  of,  334 

ClossiRcalion  of  arc  lamps,  201 


'.  '35 


-ofm 
Coils,  armalure,  263 

—  6eld  magnet,  86,  36a 
Collectors,  196 
Commercial  efficiency,  307 
Commutation,  283,  286 
CommutatoT  bais,  391 

—  four  part,  371 

—  insulation  for,  391 

—  lugs,  291 

—  manuEwture  of,  289-193 

—  mim  ooMt  for,  189 

—  sleeve,  aSg 
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436  in 

Componnd  wound  dynamo,  379 

—  d3'nuiio,  characteristic,  sSo 
Giaductivity,  29 

—  name  of  unit  of,  30 

—  specific,  69 

Coutuit  cuneat  dynamo,  275 
Consumpticm  of  caibon   in  arc   lamp. 


ap3,a 


Udyn. 


10,  2S8 


Contiollei  for  tramwa]',  313 
Converters,  lOtuy,  403 
Cooking  apparatus,  53 
Cooling  Eur&ce  of  armature,  263 

—  snrbce  of  field  mignct  coils,  36a 
Copper  conductors,  38 

—  refinrng,  96 

—  specific  resistance  of,  25 

—  loss  in  transformers,  363 
Core  armatuie,  359 

—  iron,  73 

—  flux,  358 
Coulomb,  18 

Coupling  dynamot,  m«lhod  of,  399-303 
Crompi on  ammeter,  119 


.  _   h  323 
Current,  absolute  unit  of,  18 

—  magnetic  effect  of  the,j6 

—  healing  effect  of  the,  48 

—  chemical  effect  of  the,  91 

—  density,  38 

—  density,  roaximuin  allowable,  38 

—  strength,  measurement  of,  iSS 
Currents,  practical  unit  of,  18 

—  allemating,  90,  333,  335-414 

—  eddy,  259 

—  direct,  269 

—  lueasurement  of  large,  188 

Curve,  cbaiacieristic  (see  Chariicteriilic 

Curve) 
-«ne,3a6 

—  of  magnetisation,  76 
Cut-out,  automatic,  308,  3io 
Cutting  of  lines  of  ibrce,  67 


DANIELL'S  cell,  100 
lyArsonval  ealvanometer,  161 
Density,  current,  38 

—  magnetic,  70 

—  of  add,  103,  109,  no 
Design  of  alternator,  366 

—  dynamo,  366 


Deugn  of  transformer,  363 
Dinineler  of  armature,  259 
Dielectric,  336 

—  hysteresis,  34S 
Diphase  alternators,  3S6 
-currenli,387 

—  rotanes,  403,  405 

DiSusion  of  acid  in  accumulator*,  IIO 
Direct  cuirenl  dynamo,  158 
Direction  of  field,  57 
Discs,  armature,  360 
Discharge  of  accttmoUton,  IIO 

—  curve  of,  I  la 
Distortion,  field,  3S0 
Distribution  board,  244 

—  hctor,  368 
Divided  circuits,  30 

Drag,  magnetic,  on  conductors,  aS8 

Drum  armatures,  26J 

—  cotutruction  of,  259 

—  heating  of,  262 

—  winding  of,  165 
Dry  cells,  103 

Dynamos,  alternating  current,  366 

—  armature  winding,  367,  371,  376 

—  characteristic  curve  of,  276-380 

—  corapoBod  wound,  279 

—  diphase,  386 

—  direct  current,  358 

—  excLlaUon  of,  373-280,  376 

—  Ferrwiti,  371 

—  heating  in,  361 

—  in  parallel,  399,  378 

—  power  transformed  by,  3S8 

—  sefMiately  excited,  374 

—  series,  375 

—  series,  reversal  of  polarity  in,  301 

—  xries,  winding  of,  374 

—  shunt  wound,  376 

—  shunt  wound,  winding  of,  375 

—  shunt,  magnetic  leakage  b,  196 

—  overtype,  395 

—  undertype,  396 
Dyne,  the,  14 


EDDY  currents,  359 
Efficiency,  electrical,  yyj 

—  of  accumotators,  115 

—  of  mcandcsccnt  lamps,  353 

—  of  motors,  307 
Effective  e.m.l,  330 
Efficiency  of  lamps,  351 

—  of  motors,  305,  307 

—  of  tnuulbnners,  364,  366 
Electric  arc  (see  Arc,  Electric) 
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Electric  baltay  (see  Batlery) 
Electrical  horse-power,  17 

ElectrolyiU,  97 
-backe.in.f.  m,97 


Electro -motive  force  and  p.d-,  11 

—  •raiUble  in  external  circuit,  13 

—  u  ra.tc  of  cnttine  lines  of  force,  67 

—  cells  for  compftnng,  184 

—  direction  of  induced,  269,  3S9 

—  of  selZ-inductioD,  334,  339 

End  coDaeclioDs  of  drum  aroulure,  265 
Energj,  dissipation  of,  363 

—  meters  (tee  Meter*) 
Erg,  the,  16 

Eaon  on  heat  and  radialii^  surhce,  262 
Evenhed's  ohmmeter,  132 
Ewing's  magnetic  balance,  199 
Excitation,  magnetic,  74 
Exhausting  lamp  bulbs,  137 
Expansion  of  accumulator  plates,  tio 
External  characteristic  (see  Character- 
istic Curve) 


FALL  of  potential  in  celts,  100 

Kaiad,  the,  1S9 

Faure,  accumalalor  (pasted  type),  toS 

Feeders,  40 

Feeding  in  arc  bunps,  201,  207 

Ferrant)  alternators,  373 

Field  excitation,  82 

Field  magnet,  Sa 

—  cooling  sur&ce  of,  262 

—  winding,  262,  283 

—  ampere  turns  for,  84,  283 

—  strength  of,  82 

—  weakening  of  motor,  311 

Field,  magnetic,  of  stni^t  current,  56 

—  of  loop,  61 

—  of  solenoid,  63 

—  of  amutuie,  280 

—  of  dvnsmo,  8a 

—  waste,  82,  296 

Fitamenti,  incandescent  lamp,  231 
Filing!,  iron,  J5 
Flashing,  334 
Flat-topped  curve,  328 
Foot-pound,  15 
Force,  lines  of,  65 

—  unit  of,  14 
Fonn  factor,  368 
Four-pole  motor,  319 


Frequency  or  periodicity,  326,  327 
Fringe,  air-gap,  83 
Follei  bichromate  cell,  103 
Fundamental  une  curve,  327 
—  noils,  14 

Furnace  for  carbonising,  131 
Fuse  table,  24S 
Fiues,  246 


Casing  in  accumulators,  1 1 1 

Generalors,  3 

German  silver,  specific  resistance  of,  25 

Glass-blowing  of  lamp  bulbs,  135 

-~~  fiostine,  by  sand  blast,  241 

Glass,  etching  of,  252 

Globes,  absorption  of  light  by,  222 

Glow  [amps  (see  Incandescent  Lamps) 

Gramme  armature,  261 

Gravity  control  in  instruments,  116 

Grease  spot  photometer,  250 

Gun-metal  insulators,  29$ 

—  spidei,  26 1 


H' 


—  for  dynamos,  289 

—  for  motors,  289,  304 
Ilarcourt's  pentane  lamp,  249 
Ileat,  quantity  and  temperature,  50 


45 


260 


unit  of,  44 
Heating  apparatus, 

—  of  dynamo  aima 

—  of  iron  by  eddy 

—  of  iron  by  hysteresis,  90 

—  as  limiting  output,  24,  262 

—  of  field  coils,  262 

—  of  rotaries,  405,  406 
Hefoer-Altenck  standard,  249 
High  frequency  currents,  3JJ 
Horns  of  pole  pieces,  283 

—  polar,  283 

—  magnetic  saturation  of,  1S5 
Horse- power,  17 
Hunting,  380 

Hydraulic   analogy  of  electric 
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I LLUMINATING  powet  of  uc,  aiS, 


Impurilies  in  cubon,  31 J 
Inaudaceiit  lamps,  337 
—  eSdencjr  of,  348 


-  fiUmenlsfor, 


—  flushing  filaments  f<K,  334 

—  ioEtallatiOQ  of,  344 

—  Iif«  of,  344 

—  nuinu&ctare  of,  337-343 

—  photometry  of,  348 

InstaMlily,  mafrnetic,  377,  378 
Iiutilbtion  of  indtulegcent  lamps,  344 
Insulation  of. 


-ofw 


■.  173 , 


—  of  abl«s,  ■  76 

—  of  slots  in  annature  core,  afit,  a";; 

—  resistance,  131,  176 

—  magnetic,  396 

Iron,  magnetic  properties  oF,  73 

—  magnetisation  curve  of,  76 

—  wrought,  for  field  magnets,  86 
«  field  magnet  yoke,  195 


i>73 


1,360 


—  discs  for 

—  rii^^  for 
Ironclad  mo 


Joints  in  wiring,  244 
joule,  16 

Toole's  equivalent,  44 
Journals,  194 

KELVIN,  1 59 
Kilowatt,  373 


LAG,  angle  of,  334.  33S 
—  magnelic,  88 
Lagging  currents,  334 
Lamlnstion  of  arniaiure  core, 

—  of  armature  bars,  267 

—  of  field  cores,  376 
Lamp,  arc  (see  Arc  Lamp) 
Lamp,  incwidescent  (see  Ini 

—  pentane,  349 

—  standard,  354 


Law,  Leni'*,  138 

—  Uhm's,  S 
Lead,  angle  of,  tSl 

Lead,  metallic,  105,  106,  107 

—  oxide  of  (litharge),  K& 

—  peroxide  of,  105 

—  red.  loS 


ii^  conents,  345,  34* 
Lfasage,  marnelic,  196 
Ledanchj  cdl,  loa 
Left  hand  rale,  3S9 
Leni'slaw,  138 

Life  of  incandescent  lamps,  342 
L^M,  beam  of,  161 

—  measurement  n,  349 

Lines  of  force  of  straight  current,  56 

—  e.m.f.  due  to  cutting,  67 

—  in  annatare,  aSo 

—  in  iron,  7J 

—  of  loop,  61 

—  of  loieaoid,  64 

Load  or  power  compiaent,  339 
Local  acdon,  loo,  113 
Losses  in  dynamo,  3S9 

—  in  mains,  23 

—  u  resistance,  u 


-  tiding  pow< 


pole  of,  17,65 
Magnetic  circuit,  64 

—  field,  58 

—  instability,  378 
-lag,  88 

—  leakage,  396 

—  puEl,  30D 

—  saturation,  74 
Magnetisation  of  iron,  73 

—  curves  of,  76 
Magnetising  ^rcei  H,  70 
Magneto-motive  force,  63 
Magnetometer,  19  j 

Manubcture  of  commutator,  389-393 

—  of  incandescent  latnps,  337-343 
Maximum  demand  indicators,  155 

—  e.m.f.  and  current,  339 
Measurement  of  capacity,  193 

—  of  current  strenelh,  1S7,  1S8 

—  ofe.m.L,  179-187,  193 
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MeaxnTement  of  bigfa 
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—  of  permeability,  193 

—  of  power  in  altenutllng  cUTrent  cir- 

cuiti,  34a 

—  of  (mall  Ksutances,  166 

—  of  resUUnce  by  Whealslone  bridge, 

168 
Measuring  initranients,  1^9-301 
Mechanical  power,   atnoiption   of,  by 

dnwuno,  i88 

—  de*doped  in  motor,  305 
Megohm,  133,  178 
Mercoiy  pomp,  337 

Mesh  connecluMi  in  pol^fphase  uachiDe*, 

39".  393.  405 
Meter,  ampcre-houj,  135 

—  Aran,  145-153 

—  ChamberW  ft  Hookbani,  137 

—  energy  or  wait  hour,  135 

—  Eversbed'i,  153, 

—  Thomson- 1 1  DUE  ton,  143 

—  watt  hoar,  135 
Klethveii  (creen,  349 
Metre  bridge,  170 
Mica,  291 

Mirror  galvanometer,  159 
Motor  armatnre,  303 

—  back  e.m.L  in,  305 

—  coib,  331 

—  compoand,  318 

—  contioller  for  tramway,  313 

—  distortion  of  field  in,  334 

—  efficiency  of,  307 

—  polyphaie  induction,  3S8 

—  sii^fe-phase  induction,  403 

—  synchronous,  381 

—  generators,  or  direct  current  trans- 

ftwmer«,356 

—  series,  304,  313 

—  shunt,  304,  311 

—  speed  regulation  oF,  311,  31a 

—  starting  resistance,  313,  316 

—  torque  developed  in,  309 
Multipolar  machine,  319,  333 
Mutual  induction,  357 

NATURAL  periodic  time,  353 
Needle,  maenetic,  159 
Negative  lead  (backward  lead),  334 
Non-conductor,  99 
North  pole,  58 

OHM,  19 
Ohmoeter,  Eveinhed's,  133 
Ohm's  bw,  5 


Overtype  dynamo,  395 

PARALLEL  circuits,  30 
—  compound  dynamos  in,  303 

—  lamps  in,  37 

—  series  dynamo«  in,  30a 

—  shunt  dyoanioB  in,  299 
Paralleling  or  synchronising  altcmaton, 

378 
Peaked  curves  of  e.m.C,  339 
Peotuie  lamp,  349 
Permanent  magnet,  standard,  198 
Permeability  of  air,  70 

—  of  cast-iron,  79,  S95 

—  of  non- magnetic  maleriab,  73 

—  of  wrought  iron,  76 
Pholometer.B'ease  spot,  350 

—  Lnmmei-Brodhun,  353 

—  Wbeatstone's,  353 
Photometry,  34S 
PUte  accumulator,  107 
Platinum,  331 
FotajisatioD,  99 
Polarity,  chai^^  of,  301 
Pole  &ce,  383 

—  tips,  383,  3S5,  386 

—  tips,  eddy  cunenls  in,  386 

—  lips,  esst-iion,  385 

—  pieces,  shape  of,  84,  386 

—  pieces,  fringe  round,  8$ 

—  strength,  17 

—  unit,  17 

Positive  and  negative  terminals,  59 

—  element,  103 
Potential  difTerence,  13 

—  fall  in  mains,  13 
Potentiometer,  179 

Power  absorbed  by  dynamo,  21,  18$ 
Power  factor,  337,  339 

—  developed  in  motor,  305 

—  in  allernaling  cuirenl  dicuits,  338 

—  units  of,  19 

Practical  unit  of  capacity,  189 

—  of  current,  18 

—  ofe.m.f.,  19 
of  power,  19 


-of 


i» 


electrical,  I 

Primary  battery,  97 

—  and  secondary  circiUtS,  357 
Pull,  magnetic,  300 

Pump,  analogy  of,  to  dyoanio,  4 

—  exhausting,  334 
Pump  force,  m8 

—  mercairy,  337 
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/QUANTITY,  I 
\J  meter,  135 
^ of  heat,  4i 


R. 


M.S.  *«liK  of  e.m.C  and  curreol, 

330 

Kmdial  tlepth  of  amulure  slots,  263 
Kate  of  cutting  lines,  6S 

—  of  doing  work,  1 6 

Ratio  of  e.tn.f.'t  in  U«nsron»er,  primary 

and  sccondaiy,  359 
Reaction  annatuie,  359,  384 
Reflection  of  light,  161 
ReguIatioD  of  apeed  of  motor,  311,  313 

—  ofe-m-f.  of  ajritaino,  ajj,  279 

—  of  rotary  converlcn,  409 
Repuluon  and  attraction  ol  condoclon, 

63 
Re^slance,  abaolate  unit  of,  19 

—  and  heat,  45 

—  coiU,  173 

—  inttminents  lb>  measuring,  131,  i66- 

—  insulation,  III,  176 

—  internal,  of  djinamo,  II,  31,  364 

—  meaiutement  of  high,  131,  176 

—  measurement  of  low,  166,  170 

—  measurement  by  bll  of  potential,  10, 

166 

—  meamrement   by  Whealslone'i 

bridge,  168 

—  of  battery  cells,  100 

—  of  dynamo,  1 1,  364 

—  of  liquids,  101 

—  power  expended  in,  31 

—  specific,  IS 

—  steadying,  for  arc  lamp,  304 
Resonance  in  alternating  current  circuits, 

3Sa 
Reversible  machines,  303,  404 
Reversing  polarity  of  dynamo,  301 
Right  hand  rule,  60,  389 
King  aimalure,  construction  of,  360,  364 
_  ialemal  field  of,  364 

—  proportion*  of,  365 

—  winding  of,  264 

Rise  of  temperalure  in  dynamo  arma- 

—  in  dynamo  Reld  coils,  363 
Rocker  bruih,  399 

Rool-mean'Squnte  value  of  e.m.f.,  330 
KotoT  winding,  398,  400,  405 
Rotary  converters,  403 

—  and  electric  traction,  413 


Rotaiy,  di  phase,  40J 

—  eidlation  of,  404 

—  Geld  windini;  of,  403 

—  heating  of,  405 

—  hunting  of,  409 

—  mesh  connection  in,  405 

—  ratioofe.m.£'sio,  405 

—  regulation  of  e.m.f.  in,  409 

—  rerenilile  machines,  404 

—  aii^le-pbase,  406 

—  stiuting,  407 

—  synchronising,  ^oj 

—  three-phase,  404,  406 

—  Taiiatloni  in  heating  of,  405 
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Saturation  irfGeld  magnets,  377,  37S 

Scale,  161 

SaccD,  MelhveD,  349 

Screw  analogy  of  direction  of  lines,  5S 

Secondary  battery  (see  Accumulator) 

Self.induction.  334,  339 

Separately  excited  dynamo,  374 

Series,  arc  lamp,  307 

—  arc  lamp  cut-out,  308,  3lo 

—  dynamo,  375 
Shafts,  armature,  393 

Shirtitig  of  brushes,  sSt,  382,  303 
Short  circuit,  346,  34S,  379 
Shunt  box,  164 

—  dynamo,  378 
Shunts,  164 

Sine  curves  of  e.m.f.  and  current,  336 
Single.phase  alternators,  366 

—  motors,  3S1,  403 

—  rotary  converters,  406 
Slide  wire  bridge,  170 
Solenoid,  field  of,  63 

Sparic  gaps  in  high-pressure  transmis- 

Sparking  at  t^hes,  zSs 

—  resistance,  35 
Speed  of  dynamos,  373 
Splashing  due  to  resonance,  3J3 
Split  rine  commutalor,  J69 
StandanTcandle,  249 

—  cell,  Guk'E,  184 

—  cell,  Hibberl's,  185 

—  lamp,  349 

—  magnet,  Hibbcrt's,  19S 

—  secondary,  254,  356 
Standards  oflight,  349 

—  pentane,  349 

Starting  rotary  converters,  407 

—  torque  in  moiors,  399 
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Steadying  remstance  for  arc  lamp,  304 
Steel,  cast,  peimeability  of,  76 
Slorage  cell  (see  Accnmnlatar) 
Slranded  atmature  bard,  267 
Strength  of  Reld,  70 

—  of  field,  equations  for,  70 

—  of  pole,  17 

Swinging  or   hunting  in  synch nmoDS 

machines,  409 
Synchronising,  379 
Synchionous  machines,  381 

—  adjusting  power  bctor  in,  383 

—  exeitinp,  384 

—  hunting  in,  409 
~  over  exciting,  383 

—  power  bctor  in,  384 

—  rotui  and  slator  in,  3S3 

—  starting,  381 

—  V  curves  for,  383 
System  of  wiling,  244 


TABLE  atomic  weights.  Sec,  95 
—  fuse  wire,  24IJ 

—  incandescent  lamp,  243,  244 

—  wiling,  246 
Tangent  of  deflection,  194 
Teeth,  163 

Temperature  and  quantity  of  heat,  50 

—  maximnm  allowable,  262 

—  rise  of  armature,  362 

—  rise  of  lield  coils,  36a 


-of  arc,  203 
i'erminal  p-d.,  : 


Terminal  _ 

Terminals,  59 

Testing,  131133 

Thermometer,  47 

Three  ammeter  method  of  meanuing 

power,  344 
Three-phase  alternators,  386 

—  currents,  387 

—  motors,  392 

—  rotary  coOTerleis,  404-406 

—  voltmeter    method     of     measuring 

power,  344 
Tin  fuse  wire,  246 

Toothed  or  slotted  armature,  261,  263 
Torque  in  motor,  309 
Tramway  motors,  312,  319 

—  controller  for,  3ra 

—  diagram  of  connections  of,  314 
Transfonsation  of  ene^,  288 
Transformers,  alternating  current,  356 

—  British  Electric,  364 

—  continnotis  current,  356 

—  Westii^boose,  362 


of  energy,  39.43 
Twisled  arniHture  bars,  267 
Two-part  commutator,  269 
Two-phase  currents,  3S6 
—  rotary  converters,  405 


UNDERTYPE  dynamo,  296 
Unit,  absolute,  14 

—  Board  of  Trade,  134 

—  current,  iS 

—  magnet  pole,  17 

—  of  capacity,  189 

—  of  heat,  44 

—  of  light,  349 

—  of  resistance,  19 
Units,  practical,  14 
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Varnished  Brmsture  discs,  259 

Vector  diagrams,  325 

Ventilarion  of  dynamo  armature,  362 

Volatilisation  of  carbon  in  arc,  312 

Volt,  the,  19 

Voltage  of  sccnmulators,  ttl.  Its 

—  of  dyiiamo,  358,  373 

—  of  primary  cells,  97,  100,  102,  104 
Voltmeter,  considerations  in  design  of. 


—  Cardew's  hot  wire, 

—  Crompton's,  119 

—  electro-static,  129 

—  electro- magnetic,  ti6 
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WASTE  of  power,  heat  a,  i: 
—  of  power  in  resistance 
Water,  analogy  to  electric  curreni 
Watt  unit  of  power,  17 

—  hour  meter,  135 
Wattless  component,  33J 
Westingbousc  tmnsformer,  363 
Weston  instruments,  I30 
Wheatstone's  bridge,  16S 

—  slide  wire  pattern  ot,  17a 

—  P.O.  pattern  of,  172 
Wheatstone's  pholomeler,  253 
Width  of  brushes,  298 
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Winding  of  dnmi  umaluie,  265,  376 

—  of  line  ■"nature,  264,  376 

—  of  field  coiU,  86,  374-;&,  3^ 
Wilt  fine  Ubie,  148 

—  insuUtion  of,  173 
Wiriog,  344 

—  uWe,  146 


Wtou^it  iton,  magnet  iiatioD  cnrve  of, 
76 

—  penneabililjr  of,  75 

ZINC,  mnulganution  of,  100 
—  >  Qon-nugnetic  materi*),  396 

—  cooHunptioQ  of,  99 

—  b  primuy  cells,  97 

—  looJ  action  on,  100 
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A  Popular  TieaiiH  on  the  Giaduai  ImprimmeDU  made  In  Railway  Englaa 
bttvem  iBoi  and  1911        "'■  "-■  «--....... 

Reviled  apd  Bsiaiged. 


i^iCooc^lc 


MECHANICAL    BNGlNESBtNG.    *c  9 

MODERN    MACHINE    5H0P   TOOLS, 

THElRCONfTRUCTlON.OPB  RATION,  AND  MANIPULATION. 

Including   both    Hand  and    Muhili   Tools.      An  cnlinly   New  and    Fully 

Miuinfi.  A  Boo'k  of  Piacliad  InMruciion  m  iJI  CliMes  of  Ma^e'sh'op 
Practice.  Including  Ou^icrs  on  Filing,  Killiai.  *nd  Stnping  Surfaces ;  on 
UrillB,  Rnmen.  Taps  uid Dies;  the  Laihe ami  it> Tools:  PlancH,  Shapcn, 
and  Ihcir  TdoI>;  Milling  Machinn  and  Ciuiers;  Gear  Cutieri  and  G«u 
Cuttini:  DrilliPE'UiichiDMaiH:  Drill  W»li;  Grinding  Machines  and  Ifaeir 
Work;  Hirdenine  and  I'cmpeTing,  Gearing.  Jlfliing,  and  Tiaiiuniiwni 
Mnchinerv;  Useful  UatiandTaMes,  By  Will uu  H.Vah  DKBVookT,  U.K. 
Illu-Mcalcd  by  671  Eniravingi  of  Lalsi  Tools  gnd  Mtlfaods,  all  ol  which  an 
folly  diKiibed.     Medium  S>o,  cloth.  {Juil  Puiliilud.    A'K  21'0 

LOCOMOTIVB  ENaiNB  DRIVINQ. 

k  Praoieal  Hanual  for  Engineen  in  Oiarg*  of  LocnmMin  Kngiim.  Br 
HiCHAKL  RlTHOue.  fonnerly  LocmuodTa  Inipgclor,  L.  B.  ft  S.  C  R. 


THE  MODEL  LOCOMOTIVE  ENQINEBR, 

FiioDian,  und  Kngine-Boy.    Cmuiiniing  a  HJMoricai  Notice  of  iIm  Kooav 
Kdidoa,  with  Reviv 


CONTINUOUS  RAILWAY  BRAKES. 

A  Piaclical  TiealiiK  on  the  leveral  Syitemi  IB  I 
their  Coiutracutjf]  and  Petfbnuance.    By  Mich. 

STATIONARY  ENGINE  DRIVING. 

A  Practical  Manual  for  EngicKen  in  Charge  of  ScuiaDaTT  Enjrin«L  Br 
MicHUL  Revholds.  SUtta  Edition.  Wiib  Flatet  and  Woodcuti. 
Crown  in,  doth 4/6 

ENOINB-DRIVINQ  LIFE. 

Diivcrt.  By  MicKAXL  RiYHOus.  Third  Edition.  Crown  Bvo,  doth  .  1/6 
"  Frota  tint  to  lut  pvfadly  fa    ' 


THE  ENQINEMAN'S  POCKET  COMPANION, 

And  Practical  EJucaior  for  Engineiiitn,  Boiler  Altendanii,  and  Hechani 
By  MicHAXL  RavHOLDS.  With  n  Illuunuioni  and  nunwroiu  Diagnu 
Fourth  Edition,  ReviMxL     Royal  iSiDa,  (tmnfly  bound  for  pocket  waai.  3 


■d.;.  Google 


to  CMOSBY  LOCKWOOD  «■  SON'S  CATALOGUE. 

CIVIL  ENGINEERING,  SURVEYING,  ETC. 


PIONEER    IRRIQATION. 

A  Muiiul  of  lnf<,nn>tiDn  or  Fumer*  io  Ibt  Cokxiiei.  B;  E.  O,  Maosoh, 
EiccuiiTc  F.nRiOHr.  PuUk  Worki  OtpirtDHDI,  BomW-  Wuh  Numcroai 
Piaui  uJ  Diainnu.    Ucdium  S>o,  cJndi. 

[/»<  rtaJy.    Pria  aieul  7/8  •«■ 


TUNNELLINQ. 

A  Pnaiul  Tituix.     Bt  CHASi-n   Phojhi 

ChaRLS*  S.   Hill,  C.B.     With  isaDiurmmian- , . 

ckHli NU  16/0 

PRACTICAL   TUNNELLINQ. 

ExpUminffudeunSeltiDf-OBllhc  WaAA,Shalt-Anikinc,uidHe>duu-driTiiis, 
RaBfiDt  thE  Lino  Mod  LerclliDg  undcrfrauiid,  SDl>-Bic*nliii(,  Timbomc 
md  tbi  CoamiKtion  of  ikc  Brwkvgili  of  TsniHb.  Bv  F.  W.  Slum, 
U.I11M.C.E      "       ■ -     ■     -         -     -      -         


THE  WATER   SUPPLY   OF  TOWNS    AND  THE   CON- 
STRUCTION OP  WATER-WORKS. 

A  Fnclicul  TiotiH  for  [he  Uk  of  EncliHai  uid  StDdiaa  el  IT  nil ilin 

'     "  r,  A.H.  liiK.  C.E.,  Connllini  Enaiaea  to  ihs  Tokyo 

■  '•'■■         "     '    li  .ml  Snmded.     ""  ' 


APrHNUIX  II.     By JUHN    DH    RIJKB.  C.E.-OH  UHI 

RURAL   WATER   SUPPLY. 

A  Pructicil  Haodbaiik  on  ihc  Supply  ol 

'Mrki  foe  imE]1  Cduninr  Dioiica.     Bi . 

f.  T.  Cumiv,  A.M.I.C.E.,  F.G.S.    With  lUu 
.     down  Ito,  cloth 


i^iCooc^lc 


CIVIL  BNGJNBBRING,  SORVBYING.  *«.  ii 

THE   WATER   5UPPLY   OF   CITIE5   AND   TOWNS. 

Bt  Wtluam  Huuni:,  A.  U.  Iiut  C.E..  uxl  M.  Inn.  M.S.,  Aathor  at "  Cot 
and  Wraoffhi  litn  Biidn  CousncuDci."  Ac,  Ac  lUasmued  with  so  Doobla 
Pluo,  I  Saifie  Plut,  Colouml  FrontiipLcce,  ind  npnrdi  of  ijo  Wooacnu, 


THE   PROQRBSS  OF   ENOINEERINQ  (1863.6). 


a"impf,'« 


HYDRAULIC  POWER  ENQINEBRINO. 

A  Pnctica]  Maniul  cm  Ibc   ConcenmliDH  and  TruumiuBa  of  Fomr  br 
Hrdnnlic  HBchinoy.      By  U.  Ciotdoh  Mjkiics,  A.M.  Inn.  C.E^   With 


HYDRAULIC  TABLES,  CO-EFFICIENTS,  &  FORMULiC. 

ForFindini  the  DischargtDf  Wueif(ainOrific«,N<w:hei.Wan,  Kpo.  ud 

RivEn.  With  Mew  Fonnuli:.  Tibls,  Kid  GoHnJ  Informuioo  on  Rjun-ajl, 
CatntiniEDI-Buiiil,  Dniu£c,  Scwetue,  Wucr  Supplv  roc  Toami  and  Mill 
Power.  By  JoHH  Nivru.!,  C.E.,  M.R.I.A.  Third  Edjiioo,  nvued,  with 
■dditk>Da.     Numcroui  IllimTitiDns.    Craws  8ro.  doth     .  14'0 

HYDRAULIC    MANUAU 

Consuting  of  Woiking  Tibic]  uid  Eipluiuwy  TuL  Inicndal «  ■  Gnida  in 
HrdnaJJc  CaJculitiDni  and  Field  Opuiiions.  By  Lowis  DA.  Jacksok, 
Auihor  of  "Aid  lo  Survey  Praciice,"  "Modern  Meuologyi"  &c.  Foonh 
Edilion,  EnlBTged.     Large  crown  Bvo,  cloih 1 SIO 


WATER   ENOINEERINO. 

A  Prtctical  TrcvttH  OD  thfi  HeanremeDL,  Storif  c,  Coaveymncc,  uid  Udlua- 
doaofWusfiir  ibe  SapplT  of  Town,  foi  MiU  Povs,  uid  fix  otba  PntpoMt. 
ByCHAjiLuSLUo,A.lLriul.CK.  Swond KdiiioQ.  Ciown lvo,ck)lh .     718 
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la         CROSBY   LOCKWOOD   «■  XNS  CATALOGUE. 
THE  RECLAMATION  OP  LAND  PROM  TIDAL  WATERS. 

A  Huvlhook  Tbr  BnfiiHcn,  Landed  Pro[vkton,  and  oditn  intccaitad  in 
,.,__,.__,  B_.,.__^__      „_  .._    „ —'bb.CS.    Itc,  dolh. 

AtMxe 


MASONRY  DAMi  FROM  INCEPTION  To  COMPLETION. 

ladadini  nnnKiow  FcniulB,  Fami  oT  SpecIGcuinn  ud  TendEt,  FudM 
DiuniD  at  Fgnx*,  Ac  For  tb«  uh  of  Civil  jmd  Hiniiw  EoiriibeerL  By 
CF.  CounTKn.  M.lu(.aE.    Svo,  cloth OIO 


RIVER   BARS. 

The  Cmtm  ol  lliaii  Fmuion,  ud  Ihsir  Trcunmt  by  "  Indacad  TkU 
Scout  ' ;  viib  ■  DociiMioa  of  tha  Succeuful  Reducuiu  bv  (lia  Mabod  of 
tht  Bu  u  Dublin.  By  I.  J.  Uahh,  AuiM.  En|.  to  ihc  DubLui  Pun  and  Docki 
BoMd.     Rofsl  Svo,  doib 716 


TRAMWAYS:  THEIR  CONSTRUCTION  AND  WORKINO. 

EmbtvciDB  a  Comprehensive  Hitiorr  oT  liiv  SyUem :  wiib  ui  exbuuDve 
Aamly^t  of  the  Vuioui  Modes  of  TiiclioR,  includinz  Hotm  Pi»er,  SlEUI, 
Cuble  TrKiion,  EIkuic  Tntiion,  &c  ;  b  DeicnMion  of  tht  VnnMHi  of 
Rolling  Stock:  ud  unple  DeiBiJj  of  Co«  nnd  WoriiiDi  Xipeuea.  Mh 
Ediiion.  ThuiDughlr  Revised,  ind  IiicJudiiiE  the  Ftostoi  noDli*  Bkidc  ia 
Tramway  Consmiclioa,  Ac,  Ac  By  D.  KiNHua  Clam,  M.  101.0.1. 
Wiib  too  I  iiuKTUioos.    Svo,  rSopp.,  buckiam.  28/0 


SURVEYING  AS  PRACTISED  BY  CIVIL   ENQINEERS 

ANI>  3URVEVOR3. 

Includinf  the  Setlibf -out  of  Works  for  CoilxnictiOn  and  Survtrs  Abroad,  with 
many  Exsmplcitakiii  from  Actual  PTUrlUe.  A  Handbook  fat  useiutheFMd 
and  ibe  OfBce,  intended  also  si  ■  Teit'booli  foe  Sludtnu.  By  Jokh  Whitc- 
L*w,  Tun.,  A.M.  Inst.  CK.  Author  of  "Points  and  Cmrangs.-'  With  about 
s6a  lUuitralions.    Demy  Bvo,  dolh Kl  10/6 

PRACTICAL,   SURVEYINa 

tbt  Slonies.  "ay  Gioi«ia"vF"u5*L^  A.  ™l'.C.  ™  Wi^  4  "l^Swfapb^ 
Plaits  aod  upwaidsof  330  Lluiiraiioni.  Seven b  Kdiiioo.  Inolnding  Tabis 
of  Natural  Sines,  Tangem,  Secants,  &c.    Crown  Svo.  7/a  clotb ;  ot,  on  Thih 


AID   TO   SURVEY    PRACTICE. 

For  Reference  in  Surveying  Levelling,  and  Settinc-OBI ;  and  in  Room  Su- 
vtyiofTravElienby  LandandSea.  With  Tahhs,  IlluHnutoos,  and  Rocordi. 
By  Lowis  DA.  Jackson,  A.M.I.C.E.  Sacood  Ediiion,  Enlarged.  Svo, 
^elolh ■        ■       -        .       ■       ■        .        .     Ig/B 

U,g,t,.,.d.i.COOC^IC 


CIVIL  BNGINESRING.  SURVEYING.  «<.  13 

SURVBYINQ  WITH  THE  TACHEOMBTER. 

A  prtOtScal  Mviiui  f«  thfl  1LH  of  Civil  Bod  Miliivy  ftngiiwen  uid  Sdrreyora. 
Incladim  two  ktw*  of  Tibto  ipsciaJIy  compaiid  for  tha  Reductios  ef 
RcadiiiEa  in  Susfoimail  ind  in  Cmicuiul  Dt^resE.  B;  Neil  Kunbdt, 
M.lut.C.E.     wTrh  DiigTuii  and  Pius.    Demy  Bvo,  clolh.       Hit  lOfQ 

ENGINEER'S  &  MINING   SURVEYOR'S  FIELD   BOOK. 

CooiuinE  of  >  Serin  of  Tables,  vitb  Ruin,  Eipluuuloiu  al  Eynenu,  (nd 
OH  of  Theodaliie  for  Trsvcnc  SurnyinE  and  plotiin(  ihe  work  wiih  minuu 
■ccuncT  tiy  mcaiii  of  Stniffhi  Ednuid  Sei  Square  only;  LcvBilinc  with  Um 
Tbaodolilc,  Scniiu-oot  Cnrrai  «iib  ud  without  th«  Tbeodoliu,  Kaithworli 
Tabid,  ftc.  By  W.  Davis  Hawoll,  CE.  With  DBmcnnu  WoodinDi. 
Fonitb  Edidon,  Kniugfd.    Crown  Bvo,  do(h 12/0 


LAND   AND   MARINE   SURVEYINQ. 

la  Rebrtoc*  to  ths  Pnpantian  of  Plant  for  Roadi  and  Railwayt ;  Camb, 
Rim,  Tovua'  Water  Supplin;  Doctu  and  Harboon.     With  DacripDoo 


PRINCIPLES   AND    PRACTICE    OF    LBVELLINQ. 

Sbowing  iU  Appllcatian   to   Purpcsu  of  Railway  and  Ovil  Engineen 
tbt  ConHniction  of  Roadi ;  with  Mr,  TaLroKc's  Rula  for  the  ume 


I,  M.  ItuL  C.E.    Eig) 


bav*  rendnvdaHbtunlul  Hr*k«  to  tha  prolemin.  4iw1b]It  to  IM 


AN    OUTLINE   OF   THE    METHOD    OF   CONDUCTINO 

A  TRiaONOMETRICAL   AURVEV. 
For  ibi  Fonnatiiin  of  GEWnuihiial  and  Topoinphiial  Man  and  Plana,  MUi' 

aRecoDitaiaawiu,  LEVELLING,  &c,  with  Uieful  Prohlenu,  Ftnauta, 
TablcL    Bf  Lient.-GenenJ  FiioHK,  R.E.    Fcunh  Editim 
oanly  RE-wiitien  by  Maior-General  Sic  Charles  Wai 
With  14  Plua  and  ii]  Woodcnu.  royal  Bvo,  dotb 


TABLB3  OP  TANGENTIAL  ANGLES  AND  MULTIPLES 

FOR  ABTTINQ.OUT  CURVB5. 
FioD  ;  ID  aoo  Rndiu.      B7  A.  BSAZBLCT,  M.  IniLCE.     Gib  Ediilin, 
Reviled,     With  u  ApHndia  on  the  nie  of  the  TahLev  f'v  Mmmitiiw  nn 
Curroi.    Printed  od  50  Cardi,  and  sold  in  a  cloth  box,  wi 


HANDY    GENERAL   EARTH-WORK   TABLES. 

CHytnc  the  Coinenta  in  CdIhc  Vardj  of  Centre  and  Slops  of  CoOideb  ai4 
F.MhMihmenti  frw  3  LDchea  u  Bo  feel  in  Depth  «  Heichi,  fa  naa  with  diber 
W  h«  Chain  01  iod  EM  Chain.     By  J.  H.  Wanon  Udch,  M.  Imi.  C.E. 


i^iCooc^lc 


14         CROSBY  LOCKWOOD  «•  SOtTS  CATALOGUE. 
BARTHWORK   TABLES. 

Sbmrinf  tlH  Conteou  in  Cnbic  Yaidi  of  ITiiilniiliiipiliriilliini.  Ac, 
Hcutau  or  DomIb  spto  w  simc"  ol  <o  IM.    By  Jonn  Biau>mrr,  CB^ 
KDd TuKcn  Cutmi,  CR.    Ctowh  avo,  doth flfQ 

A   MANUAL  ON    EARTHWORK. 

By  Alh.  J,  GiAHAU,  CE.    Wilh  numaau  Diacnmi.     Sccocid  Xdidaa. 
iSmo,clDtli 210 

THE  CONSTRUCTION  OF  LARQE  TUNNEL  SHAFTS. 

U.  IiulC 


__  PnciIcmJ  >nd  ThaMicmJ  E»*y.  By  J.  H.  Watwh  Buck,  U.  Idr.  CK., 
Retidnt  Eniin«,  L.  uid  N.  W,  R.    WiDi  Foldinc  Plus,  aro,  d«li  1 2/0 

CAST   ft   WROUQHT   IRON    BRIDQE   CONSTRUCTION 

(A  Complete  uid  Pnctiul  Treuue  on),  incJudiii(  Imi  Fooudstiau.  !■ 
Tluet  PlrO.— Tbemticml.  Piuiical.  uul  Dnciiptive.  ByWiLLUH  HmiMC, 
A.  M.  Inn.  C.E.,  ud  M.  InM.  M.E.  Third  Sdilioa,  nvusd  ud  madi  ia- 
proved,  iritb  115  Double  PLAIa(H  of  whicJi  now  fini  Aoneu  in  ihu  odidonL 
whI  DumsDiu  Addidoiu  10  ihe  Tui 


h,  unp.  410,  h>tf'boaBd  in 

ESSAY   ON    OBLIQUE    BRIDQES 

(Pnccicml  ud  Theoietirsl).  Wilh  ij  luge  IMuei.  By  ihe  Imie  GlMRGB 
WatiohBuck  M.l.C.E.  Founb  Ed]uiin,  ceviied  bt  hii  Son,  J.  H.  Watwh 
Buck,  M.I.C.E.  ;  ud  wiib  tbe  addiilon  of  Oocnpiion  lo  Duunnu  for 
Fadliulin(  tbeConitnictionoi Oblique  Biidtn.brW.  U.  Baium,  U.I.CE. 
^Roy.1  *vo,  doib 12K> 


(A  PniclKAl  Treuiu  on).    By  Johh  Hast.    Thitd  S 
li»P«i 


THE   CONSTRUCTION    OP   OBLIQUE    ARCHES 

'A  Pnm-       -  -     - 

Ifflparul 

ORAPHIC    AND    ANALYTIC    STATICS. 

In  tbat  Pncticll  Applitzuion  la  ibe  Treltmenl  of  SlTHHl  bl  Roofa  SoM 
Glrden,  LuIliCE,  Bowsiring,  uid  Suspention  Btidio,  Bmced  Iron  Arcliu  and 
Pieu,  and  olhei  yr»meworki  By  R.  Hudsdh  Graham,  C.E.  Conuiaint 
DUcTuiu  and  Fillet  10  Si:iile.     Wiib  numiioiu  Eiunplei,  rtian;  lakea  fmn 

Univenilles.     Second  EilitUin,  Revised  and  Enlaried.     Svo,  cloth       .     1 6/0 


D   and   Steel   C^rdcn,    h^,   few    Parliunentarf  and  01 


WEIGHTS  OP  WROUOHT  IRON  &  STEEL  QIRDBRA. 

A  Giapbic  Table  for  FadlilaiiDf  Ibe  CmpuiHion  of  the  Weiibu  of  Wnnffai 
, .  „.     ,  ^,  .         .        ,      ^    ,■         ....  ....     "— -„„.^ 


j.  H.  WAnoiiBi>CE,M.lBiLC.E.    OnaShest 

U,g,t,.,.d.i.COOC^Ic 


CIVIL  BNGINBESING.  SaRVBrttTG,  St.  13 

OEOMETRV   FOR  TECHNICAL  STUDENTS. 

By  E^'sfBAVuElA.M.LclE.  Ctc™n8''vn,cl'o''h.  U—l  f'-i'^i'd.  A«  1(0 

PRACTICAL  QEOMETRV. 

For  the  Aniiuct,  EBiineei,  ud  Hsduuiic.  OiTincRnlHrac  [hsDalimdOB 
■od  App^tcUioa  of  VHTioiu  Gwnwtiical  Llata,  Ylina^  Uld  Cinvd.  Bj 
E,  W.Tadh,  U.A..  Atchiiui.    Svo.  doih 9'0 


■  EVIHB.       

3/e 


EXPERIMENTS    ON    THE    FLEXURE    OF    BEAM5 

Rcsuldng  in  the  Diicovny  of  New  Lawiof  Failure  b^  Buckling.  II7  ALsmr 
E.  Guv.    Medmm  Svo,  clolh.  U»<'  I'iMaltd.    Nil  OIO 

HANDY  BOOK  for  THE    CALCULATION  op  STRAINS 

la  Giidcn  and  Similu  SlnKluro  Had  IlKir  StnnEIh.  Cwuinin^  oT  FonnnlB 
nod  CcrTHpondinE  Diuranu,  with  aumaoui  d^aili  for  PracUcld  Applla- 
(ioa,  An.  Br  William  Huhbh,  A.  M.  Inu.  C.E.,  &c  FiSih  Edition. 
CnnSvo,  intliiieirlTiixiWaadcuiiudjPlvci,  clolh      .       .        .     7/B 

TRUSSES   OF  WOOD   AND    IRON. 

Pncdcal  Appllcuioni  of  Scicnn  in  Dctenninlni  ihi  Stnuei,  Bicdcint 
Wsishu,  Safe  LohU,  Scantlinga.  and  Delails  of  CiHutrucum.  With  ComplEU 
WoAiDj  DtavingL    By  William  GmrriTHS,  Sumyor.    S™,  cloth     4/6 


THE    STRAINS   ON   STRUCTURES    OP   IRONWORK. 

With  PnoicaJRunaikionlTsnCoiiuniciiao.     By  F.  W.  Sheildi,  M.l.CI 

tTo,  doUi an 

A  TREATISE  ON  THE  STRENQTH   OF  MATERIALS. 

b  Rolei  fix  ApplIcUiDD  in  Anjiilecinre,  the  Conuniction  of  Suipouia 


Bridcg*.  Rallir 
bytauS«u,P. 

muddedTE.) 


,. .    ,  F.R.S.,  and  W.  H.  BAdLOw,  F.R.S. ;  to  whieb 

dded,  Eiperimenu  by  HoDCKiHSOH,  Faiibaiik,  and  KliKAUJTl  and 
lulK  fOrcAlcululDi  Girdei>,&c  EdilrdbyWH.  Huuiiti,  A.M.1.CE. 
4(iapp.,  with  igPlotti  and  auineriiiiiWoodcuu.cloili.  .     18^ 


SAFE    RAILWAY  WORKINQ. 

A  Treatue  on  Rulny  AcddonK,  their  Cuua 
rn  of   Modern  Applianecd  ar 


EXPANSION   OP  STRUCTURES   BY   HEAT. 

By  JoHH  KnLT,  CE.,  late  of  the  Indiui  Public  Woclu  DetiulmeiiL    Crown 


d^iCooi^lc, 


CROSBY  LOCKWOOD   *  SOU'S  CATALOGUE. 


PUBLICATIONS    OF  THE  ENGINEERING 
STANDARDS    COMMITTEE. 


,    K.C.H.,    lo  inquire   inio  ihe  ndvisabilily  ol 
and  Sleel  Scclions. 

The  Commiilee  is  supported  hy  [he  Inslitution  of  Civil  Engineers,  the 
Instilution  oT  Mechanical  Engineers,  the  Institution  of  Naval  Arctitlects, 
the  Iron  and  Steel  Institute,  and  the  Instilution  of  Eleclricnl  Engineers ; 
and  the  value  and  importance  of  its  lalwurs  has  been  emplialically 
recognised  by  hi?  Majesty's  Government,  who  have  made  a  liberal  grant 
from  the  Public  Funds  by  *ay  of  contribution  to  Ihe  financial  resources  of 
Ihe  Committee. 

The  subjects  already  dealt  with,  or  under  considerslion  by  ibe 
Committee,  include  not  only  Rolled  Iron  and  Steel  Sections,  but  Tests 
for  Iron  and  Steel  Material  used  in  the  Construction  of  Ships  and  their 
Machinery,  Bridges  and  General  Building  Construction,  Railway  Rolling 
Slock  Underframes,  Component  Parts  of  Locomotives,  Railway  and 
Tramw.iy  Rails,  Electrical  Plant,  Insulating  Materials,  Screw  Threads  and 
Umit  Gauges,  Pipe  Flanges.  Cement,  &c. 

Reports  already  Published  : — 
I.     BRITISH  STANDARD  SECTIONS. 

lis  4.    Bui.B  TEKS.-Lisi  s.    Bi'i.o  Pij»t«s.— Lin  7.    Chan nbls,— List  B. 
Bbams.    F 'cap.  folio,  sewed.  lj<al  J'tMitttd.    !fit  \1Q 

i.    BRITISH  STANDARD  TRAMWAY  RAILS  AND  FISH 

PLATB5I  STANDARD  5BCTI0NS  AND  SPECIFICATION, 
Fop.  folio,  K*ed.  (Jutl PuiiiiA^f.    ;tW  21/0 

3.  REPORT  ON  THE  INFLUENCE  OF  QAUOE  LENGTH 

AND  SECTION   OF  IBST  BAR  ON  THE   PERCENTAGE  OP 
eUlNOATION. 

By  Praftssn  W.  C.  Uhwih,  F.R.S.    F'c*p.  folio,  sewed. 

[Jtat  Pmilhkni.    Nil  ^16 

4.  PROPERTIES  OP  STANDARD  BEAMS. 

DcniySvo,>ewTd.  ijntl  PailiiluJ.    Jftl  MO 


ir,;Q00g\C 


MARINB  BNGINBBRING.  NAVIGATION,  *<.  17 

MARINE  ENGINEERING,  SHIPBUILDING, 
NAVIGATION,  ETC. 

THE     NAVAL     ARCHITECTS     AND     SHIPBUILDER'S 

POCKET-BOOK  of  FanalM.  Rulo,  ud  Tablo.  ud  Mwina  Bn[in«r'i  ind 
SnrvFTor'i  HuidT  Book  of  Rtfeteno.  By  Cumkkt  Mackbow,  M.I.N.A. 
EiEhlt  EdiLiiin,  Canfully  Rivixd  lod  Ealuged.    Fop.,  leuber.    ^1112^6 


WANNAN'S  MARINE  ENQINEER'S  QUIDE 

To  Bowdof  Tndc  Kiuunitiooi  lor  CcnifialaDCCompetaicy,  CsDUinJBg 
lU  LuHt  QwMioiif  u  Due.  •iili  Simpk.  Cloi,  tai  Coirect  Solulioui 
309  EtefflcntlTT  QoiKKIIU  tritb   IllusIrAlcd  Aiuwu-x,    Hod    Verb&I  QuHlioTiB 

A.C.  WuiHAH.C.^,CDiuulIii>E  Engiw.i^E.  W,  I.  Wahhan,  M.I.M.E^. 
ClItiBcaIrd  Fim  Cl«»  Mar[nf  Enginwr.  With  anmniiiu  Kogi»yinai,  Third 
Edilion,  Ena«ged.     ;od  i>.(e>.     Ijffge  cio-n  8to,  clolh    .         .      JVct  1 0/B 

WANNAN'S  MARINE  ENGINEER'S  POCKET-BOOK. 

ContaininE  LuEti  Baud  of  Tnulc  Ruls  and  Dku  for  Muinc  Engamtit. 
By  A,  C,  Wuinui.  Third  Ediuan,  Reviicd,  Enluicd,  and  Brovabl:  ap  U 
Dim.     Square  iSmo,  wilh  thumb  Index,  ieuber.  [yuf  fiiiluild.    B/0 


|/«r(  P^Mitku.    Hel  1 0f  e 

u,g,t,.,.d.i.  Google 


i8       caossr  lockwood  *  son's  catauogub. 

5BA  TBRM5,   PHRASES,   AND  WORDS 

(TtchnicaJ    DiclioDnir  sf)  nol    bi   ttM   En^iili    ud    Fmicb    Ijnpiy 

nncUih-Fnndi.Fruiizh-EiicIi^).     For  Ih*  Um  of  ScuBen,  Ennaaan,  FSoti, 

StupbuiblEn,  Sbiptmen.  ud  Skip-bcokm.    Comnlid  fay  V- i" ' 

Ibc  Afticu  Sleuubip  CompuT.     Fotp.  BTii,datfaump 
-Thh.[ihiaM-gh«ld»lil»«i»pT»dil«J  by  ii 

BLBCTRIC  SHIP-LIQHTINQ. 

A  Kuidbouk oa  the  Pnciici]  FiluDf  ud  Runsincirf  Shin'  Electrical  Ptut, 

fur  the  Uu  of  Shipooscn  nod  Bnilden,  Hirina  ElactHoui  wd  SoksaaDi 
Eniinrxn  in  OiMr[e.  Br  F.  W.  UlQUHHItT,  Anthor  of  "  Elsctric  Llfht^ 
"Dynuno  ConsiiuaiDD.  &c  Second  Edition,  Rtviied  ud  Eicuadtd. 
Wii£  numaoui  Illaitnuioiu.    Ciown  In,  cloth 7/S 

MARINE  ENQINEER'S  POCKET-BOOK. 

ConiidiiiE  oS  ukTuI  T: 
Thiid  Kdiiian.    Royil 


KinE  of  ukTuI  Tibia  ud  FommlB.     By  FnAHK  FlOCTDX.  A.1.N.A 

Kdiiion.     -       ■  ■      ■ 


ELEMENTARY  MARINE   ENaiNEERINO. 

A  UbiiumI  lor  Young  Uarinc  EnniiMal  and  ApptemkaL  Id  tha  FcaiD  fit 
Qusiioni  and  Auwcn  on  MtUklt,  Xlloyi,  Stnogth  of  Uuotiali,  Cooatraaks 
ajld  MviJucment  of  Marine  Kntfina  and  Boi^cn,  GcooKLiy,  he.  Wilh 
an  Apinndli  dT  Uvful  Talilei.     By  J .  S.  Basna.    Ccown  Ivo,  cloth     1/6 

MARINE   ENGINES  AND  STEAM  VESSELS. 

A  Tnaliie  dd.  By  RoBxar  Mubulv,  C.K.  Eiffatta  EditioD,  tborao^y 
RiTued,  villi  conaidenhli  Additiau  by  the  Aalhor  and  by  Caoaoa 
CaauaLl,  C.E.,  Seainr  SurrEyorto  thi  Board  irfTndE  U  LiverpooL  CraWD 
Bvo,  cloth 4/8 

PRACTICAL  NAVIQATION. 


ConaiuiBt  of  Tm  Sailoi's  Su-Book,  by  Jauks  Guunroan  and  W.  H. 
requisite  Uuhemuical  and  Nantkal  TaUei  f« 


the  WoTbing  of  Ihe  Problemi,  by  Hbniiv  1.aw,  C.E,  and  Fiofeiaot   I.  I 
YouHO.     uruMi       ■  ...... 


l;  lOEethei 

THE  ART  AND  SCIENCE  OF  SAILMAKINQ. 

By  Sauuil  B.  SAnuta,  Practical  Sailmalcs,  late  in  the  smplarmeBt  of 
Ueistt,  Rauey  and  Liptborne,  of  Coim  and  Goapcn.  With  PCalei  and 
otlier  lUualroiioni.     Sniall  41a,  cJoth 12/e 

CHAIN  CABLES  AND  CHAINS. 

CnmpiliincSiiuandCurreiorLiDlit,  SlHdi,ftc,  Iron  for  Cablei  and  Cbaini, 
Chain  Cable  and  Chain  Making,  Forming  and  Weldiiw  Linkl,  SlreiAtb  of 
^_.. ■  ™.,_.  -    .■^...      ,     Qj,j^  Marking  OtUu,  Pikw  of  Chain 


Cable!  and  Chaini,  UiiiDncal  Ncpiea,  Acti  of  ParUanieiit,  Statuary  T.     . 

"       ..  L-       :: - -    :-ie«,  ftc,  Sc.    bt 

.,  F.E.R.N.,  M.I,n(LC.E..  EnQ^neer^urvayn^D-CUef, 


Cbaigti   for    Tening,    List   oT    MannfaaDrera  of  Cablei,    I 

Thomas  W.  Tkaill,  F.E.R.N.,  M.InaLCE..  Ennneer^urvay 

Board  of  Tiade,  Inipeclor  of  Chain  Cable  and  AochorPronDg  Kua 


and  Oeosai  Superintendent  Lloyd'f  CoAiinJiLee  on  Proviof  Eat 

With  nooerou  Tahla,  Ilinitrationa,  and  Lithognqiluc  Dnwinca.     FoGa, 
cloth,  benlled  boanU AS  H*. 
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MinjIHG.  METALLURGY.  *  COLLIERY   WORKING.     19 

MINING,    METALLURGY.    AND 
COLLIERY  WORKING. 

THE   OIL   FIELDS   OF    RUSSIA   AND   THE   RUSSIAN 

PETROLEUM  INDUSTRY. 

of  Kiu.aaii  Oil  PiopcTMH,  includinE  Nots  on  the  olwin  of  P«^u^d 
Rui'Lo,  s  Dcscriplion  of  ihe  Throiy  and  PiKlic*  of  Ljquid  Fuel,  ud  ■ 
Translalion  of  iht  Rul«  «ld  Rtiulat™!!  coiKtmina  RukIm  Oil  Pioptrtio. 
By  A.  Bkihv  TuoursoN,  A.MXM.E.,  lue  Chier  Engineer  and  Maiugoror 


U-il  Puilithid.    Alt  £3  a*. 

MACHINBRV  FOR  MeTALLIFER0U5  MINE5. 

A  Practical  Titrtbe  for  Miabg  Engiiicen,  UetftUurguts.  kAd  Umnuen  of 
Mloo.  ByE.  HkhitDaviis,  M.S.,  r.G.S.  foe  pp.  Witb  FDldii>El>]al« 
and  otiiei  rilDUruioru.     Uedium  Ivo.  clotb         ....       /fll  2BI0 

THE  DEEP  LEVEL  MINES  OF  THE  RAND, 

By  G.  A.  Dbhnv  (of  Johanaubuif).  M.N.KI.M.E.,  Cooiuliine  Ei^eec  la 


PROSPECTING   FOR  QOLD. 


V  Prospecton  baied  on  Penoiul 
"C-"       M.R.A.S.,    foniwly 
f  Afiican  Gold  Pnt- 


THE  METALLURaV  OP  OOLD. 

A  Pnctical  TreadH  OB  the  Melidlnicicsi  TnatmcDI  ot  Gold-beuinf  Om. 
Including  the  AssayiDE,  Meliini,  and  RefininE  of  Cold.  By  H.  Eisslei, 
M.  Iiull^.M.  FiAh  Edition,  fiiilaiged.  Wit?  over  300  lUiutnlioni  and 
numeroni  FoMinj  Platci.  Uediuin  (n,  cloth  ....  Xil  21  /O 
■■  Thta  hunt  HmonKth  dmma  In  UBa  !<■  'ftjalul  TiwIm.'  Tl*  •bote  |inc*BO(nU 
^^!^U  ind  •ita^iicMin  not  ns  much.  ndDCB  citdelalL"— SiUuWsj  JCniiv. 

THE  CYANIDE  PROCESS  OF  QOLD  EXTRACTION. 

And  iuPraclical  Applicalion  on  the  Wilwaierannd  Gold  Fieldl  and  ettfwheiv, 

KM,  BiuLiit.  M,  Icisl.  M.M.    With   Dtamuni  and  Workinf  DrawinA 
lid  EdilisD.  Reviled  and  Enlarged.    Sto,  cExh      ....     NWfJt 

DIAMOND  DRILLINO  FOR  QOLD  ft  OTHER  MINERALS. 

A  Pnctical  Haadbooli  en  the  U»  of  Modern  Diamond  Core  Diilli  in  Pro- 

the  CosDt  of  Appaiaius  uid  Working.     By  G.  A,  DBHHir,  M.H.E.  low.  M.E., 
M.  Inst.  M.U.     MedinmSvo,  i&B  pp.,  with  IlloaDalire  Diacrami      .    13/0 
"  Then  b  CBrlataJ*  fcnpH  fw  i  vr«k  oa  dUawDil  dHQliig.  and  Hj.  Dinar  ^tttnm  aiKtfal 
Kcaltkia  lot  mniyi^  •  J^iM  K1.--1MMV  7«r^A 
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20         CSOSBf  LOCKWOOD  *  SOS'S  CATAUXOR. 
aOLD   ASSAYINQ. 

A  Pr^icrkal  Haodbook  foi  Asuycri)  lUpkcrs,  ChemUlt,  Bullion  Smclten, 

oihtrr"  By  H.  Joshua  Pmi.t-irs,  F.I.C.,  F.'c.S,,  A.I.C.E.,  Amhic  of 
■'  EnHineerlig  Chemimy,"  etc    tMitt  Crown  flvo,  cloih. 

[/^(  .T»rf»,  /riw  <ij«(  7/B  «*■ 

FIELD  TESTING  FOR  OOLD  AND  SILVER. 

A  Pnclkil  Muul  f«  PnitpfcMn  ind  Mbm  Bt  W.  U.  Mimitt, 
M.H.E.  Inii.  M.E.,  A.R.S.H.,  ftc  Wiih  Ffaoiopxpliic  Pliiu  ud  olber 
Ulmtialioni.      Fop.  >va,  talb« JVM    S'O 

THE  PROSPECTOR'5  HANDBOOK. 

A  Guide  r«  th*  Pnaptctor  and  TnicQir  in  •mdi  cf  HtUl-Bcuini  «  otlxr 
Vsluibk  Uinoiib.  By  J.  W.  Ahhibom,  U.A.  (Omb-X  F.K.G.&  Ninth 
"■■-■-      '—• 1  Sto,  3/8  doth !«,  latba       .        .       .       .    4/S 

THE  METALLURGY  OF  SILVER. 

A  Pncticd  TnuiK  on  ibc  AmmJnmUiaa,  Rouinc,  ud  LIxI'rfuIaD  ti  Silver 
Oni.  Including  [be  Autyini,  Mellini,  ud  RcGuiiii  of  SHvk  Bnllkn.  Br 
M.EiiiSLU,M.lnit.  MM.    TfaiH  Edition.     Cnim  in,  cMh        .     10/6 

wdDl  unocffM  prtcHul  mm.  aod  ■!  Tin  lurt  Ebna  ba  DC  viihv  to  Mit^imia  »d  oOwn  bdbvllr 
cumiacIKl  wttli  O™  UmuHrtot"— «»rtr  7»w™./. 

THE   HYDRO-JHETALLUROY  OF  COPPER. 

Being  m  Account  of  Processes  Adopted  in  tlie  Hydro.Meullnixic*!  Tr»»l. 
inen(  of  Cupilferooi  Ores,  llciadiuE  ihe  Munufaauce  of  Capper  Vilriol,  wilh 
Cbipters  on  Ihc  Sodtui  of  Sopply  of  Copper  uid  Ihe  Routing  of  Copper  Otet. 
ByU.  EISSLU,  M.  Insl.  M.M.     Svo,  oloth         ....         Jill  \^I9 

THE  METALLUROY  OF  AROGNTIPEROUS  LEAD. 

A  Piactica]  Trcuiie  do  the  Smelung  of  Silvei.Lead  Om  ind  the  Reininf  of 
Lebl  Bullion,  locladin^  Reports  on  vnriooi  Smelting  EAmbUihnbeBU  uid 
Desciiptions  of  Modem  SmelriuE  FumAcsuid  Plants  in  EoJope  >nd  America. 
By  M.  EissLU,  M.  InsL  M.MT,  Author  of  "The  MetaUnrry  of  Gold,"  fte. 
....      _j.i.  .=,  iM : -i-.v  12/8 

METALLIFEROUS  MINERALS  AND  MININQ. 

By  D.  C.  Daviis.  F.G.S^    Siitli^Edition^^t^ouiU^  Raviiad  and  mnch 


ay  u.  ^.  i^Avrxs,  r.vr.^.     aivin  ojiituin,  toorou 
Knlarged  by  bit  Son,  E.  Miniiv  Daviis,  M.B.,  1 


EARTHY  AND  OTHER  MINERALS  AND  MINING. 

By  D.  C.  Davies,  F.G.S.,  Auhor  of  "  Meumferool  Minenis."  *0-  TUid 
Editiia,  Revised  and  £nlu(ed  by  his  Son,  E.  Huiht  Daviu,  H.E.,  F.G.S. 
With  about  loo  lUusliationt.    Crown  Svo,  cloth 1 2/6 

BRITISH  MINING. 

A  TreUise  on  the  Hiitory,  Discorery,  Pnctlcal  DtnlMaein,  ud  Fnan 
Proepecu  of  MetaJlifsoiu  Uinet  in  the  United  Kingdom.  By  Romr 
HuHT,  F.R.S.,  lin  Keeper  of  Hining  Recordt.  Upmrdi  irf  ojo  pp^  with 
■jg  lUiulratlDDs.  Second  Edition,  RcviitiL   Sops-toykl  Its,  doth   tH  2>. 

U,g,t,.,.d.i.COOC^IC 


MimuG.  METALLURGY,  «•  COLLIERY  WORKtSG. 


POCKBT-BOOK  FOR  MINBR5  AND  MBTALLUIKIISTS. 

Cimviiiiia  BbIh.  rmnls.  Tabls,  ud  NoMt  ka  ITn  In  n«ld  mi  (XKn 
ni,  F.G.S.,  U.E.     Socood  Ediiioo,  Cemcud. 


Fop.  in.  lalhet 


THE  MINER'S  HANDBOOK. 

A  Huulj  Book  of  Kefennce  on  ihc  lubjccu  of  MiiKml  DcpoHls,  MininE 
Oparuioni,  Ore  DitKiiil,  &c  For  ihs  Uk  af  Studenu  ud  ollmn  mliratiij 
in  Minini  Muten.  Compilfd  by  John  Milhb,  F.R.S.,  Piofsuot  of  MininE 
inttKlmpeiiaJUmviniiyofJapia.  Third  Edilion.  Fcap.  Bvo,  leatbs      7/6 

IRON  0RB5  of  QREAT  BRITAIN  >ad  IRELAND. 

Their  Mode  of  Occttnenu,  Age  ud  Orwin,  mndtba  Mcthodi  of  SeucbiDE  for 
■nd  Workiog  Than.  Wilh  i  Nixice  of  »iiiie  ofths  Iron  Oreto/Spun.  Bv 
J.  D.  Kntnux,  F.G.S.,  Minini  Eniioes.    Crown  Bvd,  doth  .       .    16/0 

MINE  DRAINAGE. 

A  Complen  Piactical  Trcuiia  on  Dinct-AcCinl  ITodacrcmid  Slam 
PnmpiaE  Mucbinery.  By  S-nnixH  Michel;.  Sacond  Edidon,  Rs-wrilten 
ud  Bnbiiad.    Wicfa  ijo  lllosmioiu.    Royil  !m,  cloth  Ktl  26'0 


ELECTRICITV  AS  APPLIED  TO  JHININQ. 

By  Abnold  Lupton,  M.InsLC.E.,  M.I.M.R.,  M.I.E.K,  tale  Proresnr  c 
Cosd  Mining  it  ttii  Vorkihira  College,  Victoria  Univeniir,  MinioE  EnEJoei 
._j  ^..,=  _     .,  .      -    ^    AsriBALl.  Pake,  M.I.E.K.,  A.M.I. M.K 


Colliery  Man 

xiateofilieO 

r   the  Elect  riul 


KIH,  M.I.M.k,  CcTliacd  Colliery' MuiiEiir, 
ing  DepinineDt  of  the  Yoiluhir*  Colletg, 
I  ita  Illusralioiu.    Medium  Svo,  cloih. 


THE  COLLIERY  MANAGER'S  HANDBOOK. 


A  Conmnhciuin  Tmdn  on   the  LnTini-oot  nod  WotkinE  of  Collieiiei, 
^_:_.j  —  »„^  .,-_,_ ,-_  "aUiirMiumwsnhMid  for  5»  Ui.   ' ' 


Mimng  Studenu 


prvparioff  £ar  Fint'du  CcrtificucL  By  Caleb  Pakelv, 
'adSiinyo[;UuibaioftbeNot1borBnEliuid  Iniiilme  of 
huucai  Eflfioeenj  kod  Member  of  th«  Soalh  WaIci  liutitute 


id  HiSiiE  Enfinon.     With  70s  Plan,  DiurAini,  an 

~      th  Editiaa,  Rexiwd  and  Eidwsed.  964  pp.  Mediun  in,  cloIh    £1  0(, 


),g,t,.,.d.i.  Google 
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Scuu.      Bf  H.   F.   BOLHAH  ukI  R.  a.  S.  RniiAnt 

tl   Plata  uid  olhar   HloflrUkitu,    KndddiDf   UndcifmiiDd   J 

Madiua  Bto,  ckxh. 


f.  Shttii,  U.A.,  r.K.S^Chid'liu^ictoT  of  the 
juuxa  01  IDC  \^rowD  viQ  Of  tat  Ducbr  of  Corawall.  Eirhtta  Ecliiitn,  Reviaed 
ud  Eitmded  by  T.  Foutei  Bbown,  Mininl  ud  Civil  Encineer,  Chief 
InvHXor  of  the  Viaet  at  tfa<  Cnm  ud  of  the  Diicfay  of  CgnmlL  Cromu 
Ivo,  cloth.  SIO 


NOTBS  AND  FORJHUUC   FOR  MINING  STUDENTS. 

Bt  JOHH  Hxucui  UxiiTALi,  MA.,  Lata  PrafEau  of  Uining  b  tba  DortuiB 

Cii[Ie«  of  Sdrace,  Mgwcutla-upon-Tyiie.  Foiiitb  Edition,  ReriKd  ud 
"  ■-       '     "    "  ^  - ■^•' "      "  -         ■    ■,.   2/8 

INFLAMMABLE  QAS  AND  VAPOUR  IN  THB  AIR 

(TIh  Detection  ud  UaiuremcDt  of).  By  Fbahe  Clowb,  D.Sc,  Load., 
F.I.C  With  I  Chspter  on  Thb  Dbtktiok  amp  Ueasdiemuit  or  Prm- 
LIDii  VArouB  by  Bovhton  Redwood,  F.R.S.E..  Coniuliing  Advita  to  the 
Cennruionof  LoDdoo  under  the  Ftlroleuin  Acts.  CrowD  Svo,  doth.  KitBIQ 
"  ProftMot  Oaw  hM  gl»«  m  ■  TahunacHi  ■  ■ubtfipfipHcli  tftdiiHriittofwaiice    .     .    . 

COAL  ft  IRON  INDUSTRIES  of  the  UNITED  KINQDOM. 

Cumpriiiiig  ■  DtKtiption  of  the  Coal  deldi,  tad  of  the  Piiinpal  Scums  of 
Cod,  with  RetutTiE  of  their  Produce  ud  in  Dinribodoa,  ud  Analitet  of 
Speoal  Vuietiu.  Also,u  Accounl  of  ihcOccutreaoof  IroaOiain  Veiuor 
Seunt ;  AniilyK*  of  eibch  Vtuiety ;  Hod  a  Hisury  of  the  Rile  udProgTMof 
_Py  lion  Muufacmre.     By  RrcHABD  MT.Ang.    avojclolh    .       .    £l  a*. 


ASBESTOS  AND  ASBESTIC. 

Their  Proputia,  Occurrence,  ud  Um.  By  RoiErr  H.  Toms,  f.S-A., 
Miiieiilo(ui,  rion,  Mem.  Aibeuot  Oub,  Bluh  Like,  CuhIil  With 
T«  Collotype  PUteiud  other  lUudnuioiu.  Demy  Bm,  doth.         .       1BJO 

QRANITBS  AND  OUR  GRANITE  INDUSTRIES. 

ByGnwci  F.  Hums,  F.G.S.  With  IDutnlioaL  Crown  Bvo,  doth    S'6 

TRAVERSE  TABLES. 

Pot  DM  in  Hioe  Surwying.  By  WiLLiAH  Lhtrh,  C  E.  With  two  platei 
Small  CTDWD  »«>,  doth  ...  .        .       .        UK    SfO 
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SLBCTBICirr.  BLSCTBICAL  ENGIIISBBmG.  ««.    9] 

ELBCTRICITY.     ELECTRICAL 
ENGINEERING,  ETC. 


THE  ELEMENTS  OF  ELECTRICAL  ENOINEERINQ. 

A  Fint  Ycu'l  Caune  for  Studcnu.      B^  TvWH  SnTILi.,  A.I.E.E.,  Auiluit 

tUgwit  Stmt,  London.    Second  Ediii^.  Reviud,  with  AddilionnI  ChapiEn 
on  Alic^tm.  Currenl  Working,  and  Appendix  of  yuMliom  »nd  Aniweu. 
74llliiMraIioni.  X>»y«v0,cbiUi.  \JmilpMUitkid.  Nil  7/S 


CONDUCTORS    FOR   ELECTRICAL    DISTRIBUTION. 

Tbcir  MUouIi  ud  ManuEictDn,  Tba  CidciiluioB  of  Circshi,  Polc-Unc 
Conuniction.  Undrmound  Working,  ud  othtr  U»».  By  F.  A.  C.  PcMi-a, 
A.M.,  D.Sc, ;  fonUTlT  Profasor  atSiranai  CnfinecTing,  LcUnd  Slmford, 
Jr.,  Uulmtity  ;  M.Amer.I.E.E.    Bto,  cloth.    IJiul  Puilliitd.    Ail  SO/- 


WIRELE55  TELEGRAPHY ; 

lit  OHgini,  Devclopmenl,  Inventioni,  uid  Appsratu>.     By  ChaBLES  HeMIT 
5»nALL.    WiiliBiULogramiandniusit -■  "         " 


lions.     Dvniy  B™,  dlolh. 

IJtal  PuHitlud.    AV/  lOe 


Eitmvoa  ud  Applkuioo  oF  >  Gcneni  Winding  Ruls.  By  E.  AmoLD, 
EnginRi.  Asiisunt  Profeuot  in  ElEclrotHhnio  uid  Michine  Duign  at  the 
Ri*B  Polytechnic  School.  TnulMed  from  the  Originul  Gonun  by  Funcis 
B.  Dn  Crbss,  M,E-,  Chief  of  Testing  Dcputmeni,  Crocker.Whoeler  Com- 
pviy.    With  uS  IllutTitioni.    Medium  Sto,  cloth  .     A>f12/- 

ELCCTRICITV   A5   APPLIED   TO    AlINiNQ. 

ByAnHDU)  LDrroN.  M.Inil.C.E.,  M.I.M.E.,  M.I.E.E.,  lats  Profeoof  o 
Coal  MiainE  It  the  Yorkihite  College,  Victoria  Univusity.  Mining  EngiiKer 
imd  CoUieir  Mmuei;  G.  D.  Asfihall  Pah,  M.I.E.E.,  A  M.I.M.E., 
AsodUe  oftbeCenitBlTochnial  College,  Ciiy  and  GuiMs  of  London.  HeaJ 
of  the  Klecirical  Engmeerinf  D-piltmenl,  Vorkihire  CoUige,  Vic'Diia 
i;nimuIy;uidHHUITPciiEiH.  M  I.M  E.  CertilicaieaColliety  Manager, 
Aidiunt  LectuitT  in  the  Mining  Depanoxnt  of  the  Ycrluhire  College, 
YictociaUniveniiy.  Withibout i7ol11iulntioDi.  McdiumBvo, cloth.  AWB/- 
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94         caOSBT  LOCSWOOD  «■  SOITS  CATALOGUE. 
DVNAMO,     MOTOR    AND    SWITCHBOARD    CIRCUITS 

FOR    BLBCTRICAL    ENQINBERS. 

A  Pniclic«l  Handbook  dtalirg  wHh  D'.rect,  Altemiiing  and  Polyphase 
C^riEnll.  By  Wit.Llfiu  R.  BOWKIK,  C.E..  M.E.,  E.K,,  Lcclureion  Pby^ci 
■nd  ElFctiiul  EngmRring  il  lb<  lLlunI.:ipiLl  Technlcnl  School.  Bur)-.  BvD, 
cloth,  [/Kir  f«*<r,  /"Cf  MiBUI  e'O  «'< 

DVNAMO  ELECTRIC    MACHINERY:    lt»   CONSTRUC- 
TION, DE3H1N,  and  OPBRATION. 
Bt  Sawiu.  Skildoh,  A  M.,  Pb.D  ,  PmrBKn  of  Phyiia  ud  Electrical 
KoEiiuerinc  h  lbs  Polyudinic  Inititute  of  Bmoklyn.  isisced  by  Hobart 
Ma»h,  B.S 

7b  f«  uDlkiui,  idU  ufaraltiy.  as  folium  .— 
Vol.  I.— DIRECT  CURRENT  MACHINES.    Third  Editinn,  RavJKd.    Lufe 
cum  Sm.    iBopigTi,  wiih  iDoIIIuiUUljnt  AVI    13JO 

Vol  II.— ALTERNATING  CURRENT  MACHINES.    Lkji  croim  Bvo.    >6o 

pxei,  witbiatlllntnliont AVflfiJO 

DwIintBd  tf  TaAi-books  f«  UH  la  TKhotol  EduutiDMl  InKUaHoH,  ud  br  EnriaiHft 

ELECTRICAL  AND  MAQNETIC  CALCULATIONS. 

Foi  the  Uk  of  Elecirical  Englneeri  *nd  Aiiiuu,  Teochen,  Studeoli,  ind  ill 
nihen  intensted  in  Ibe  Tbeory  and  Applicuioa  of  ElKtridly  ud  MagnEiiKii. 

ON,  Piofcssor  of  Elecirieity  in  Ohio  Univeruiy,    Crown  Bm. 

,        NH    9'0 


TO  Rlaui  b,  w 


SUBMARINE  TELEGRAPHS. 

Their  Hifltory,  Connmction.  and  Workinl.  Fonodad  id  pan  on  WOVSCHm- 
QoirF'i  "  Tnil«  de  TtltEtapbie  Sou-Miirine,"  nod  ConplEd  tnm  Autboriu- 
tiveud  EicluiiTe Souicei.  ByCuoLB  Bucur,  F.R.S.E.,  A.M.Iau.C.K., 
M.l.E.E.  7Bd  pp.,  fullr  lUiulmed,  iBcluding  Mapa  and  Foldine  Pluei. 
Royal  BvD,  cloth Xrl  £3  3(, 


THE  ELECTRICAL  ENGINEER'S  POCKET-BOOK. 

Coniixini  of  Mndem  Rulei,  PormnlK,  Tahlei,  and  Daw.  By  K.  R.  Kkhpi 
H.I.E.E..  A.H.Inn.C.E.,  Technical  Oehcer  Pwal  Telegrapbs,  Author  . 
"A  Handhook  of  Elecuioil  TeaiDg,"  Ac  Secood  Edition,  Ihciough 
Reviled,  vithAdditiuna.    With  DDnKroai  lUnundooi,    Royal  3010,  obloDi 


POWER  TRANSMITTED   BY   ELECTRICITY. 

And  applied  by  the  Electric  Motor,  inclnditlf  Electric  Railway  Constnictioq. 
By  P.  Atkimsoh.  A.M.,  Ph.D.  Third  Ediiion.  Fully  Revied,  and  New 
Mailer  add«L    Wilb^  Illuoraliaoa.    Crown  Bn,  doth  .    AV<    8/0 

DYNAMIC   ELECTRICITY   AND   MAQNETISM. 

By  Philip  AncnooK,  A.H.,  Ph.D.,  Anihor  of  "Elementi  of  Sulk 
ElecniciEy,"  Sc    Cnwo  Sro,  417  pp.,  nth  tta  Illoilntiou,  dolh     .    10/S 
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ELECTRICtTY.  ELECTRICAL  ENGINEERING.  *t.     95 
THE  MANAQEMENT  OP  DYNAM05. 

A  Hudybook  of  Thanr  ud  Pnctiea  ht  the  Un  of  Mechuici,  ED(iaii«n, 
Stulmu,  ud  otbsi  in  ChirtB  of  Drnuu.  By  G.  W.  LDMHU-Pi-mtBOH. 
Third  EJitioa,  RcriMd     Cmn  !vo,  clocli 4^6 


THE  STANDARD   ELECTRICAL  DICTIONARY. 

A  PopDlu  EncTclopiedia  of Wcidi  uid  Teinu  Uied  in  thePncticcafElectrial 
En|iHiriDF.    Coiuininc  uDwirdi  of  i.soa  deliniiiani.      Bv  T.  O'Conqi 

na  b  tt.BiiiI  k.bnosd'lauM.iinllpiittciniMfuS 
snind  Bir  tsa  (u£«^  bOB  Um  Kct  ^  fi  Iks  Uds 

ELECTRIC  LIGHT  FITTINQ. 

fof  WorldBi  KlcctricMl  En 
«»nji«p™i._^    By  J.  W. 


«IyinE  Pncdckl  Noti 
with  AddilioDi     Crovn  Sni,  doth 


lUiutnitiaiu.  Thiid  Ediiiijii,  KenHd, 

ELECTRIC  LIQHT. 

la  PndnciioB  ud  Uie,  Rmbndyii^  Pliln  Dinctioai  fw  [be  Trntioaii  at 
DyEumO'KiecQic  Uecfaincit  Buienee,  AcdUDuleiun,  jind  Ekctric  Lunp^ 
By  J.  W.  UiHjDKAitT,  CE.     Sixth  Kditiso,  Ealntsed.     Crown  8vo,  cloih. 
™_-j  7/6 


DYNAMO  CONSTRUCTION. 

A  Pnciial  Budbook  for  the  Uh  l 

in-Cfaugc  EaibT«ciDE  Prmmework  BnLidint,  ^ttid  Hunet 
Winding  uid  Groupini,  CompoandiDf,  &c.  By  J.  W.  Ubqdi 
Sdilian,  EoluEEd.  wilh  m  liluurmlir—      •■■ • '-'- 


Practii^  Hwidbook  fv  the  Un  of  finniver>Coiucnictoi«  and  ElectriciAnt- 
~        e.      TLabrtant  rnmemirk    Bnlliiint,   F"  "    " 

and  Gtcnping,  CompoandiDf,  &c.     By  ^  .     ^- 

Eqiargcd,  wilh  TT4  IlluttrillioDi      Crown  ftvo,  clotb 


EnpneHvin-CbKBe,     By  J.  W.  Ubqdhait,  C.K.    Second  Edition,  Revijed 
uhT Eitended.     Wiita  U  Illnttnuiaiu.  Ctown  an,  claih  .     7/e 

ELECTRIC  LiaHTINa(ELBAtENTARV  PRINCIPLES  OP), 

By  Alah  a.  Cakpbell  Swintoh,  M.Inst-CE.,  H.I.E.E.    Firtfa  Edition. 
With  16  IlLuHnli«ii.    Ciawa  Bvo,dath I/B 


wilh  Puticoian  of  tbe  Com  of  Plnul  ud  Workinf.  By  J,  H.  Khi(.„,. 
Third  Editiuo,  KariHd.    Crown  Svo,  wr^rpei 11Q 

HOW  TO  MAKE  A  DYNAMO. 

A  Pnctlcil  TrsuiH  for  Amueun.  Ciinta;inini  tllutmioDl  uui  DeUilsd 
InsTuciiocu  Cor  Ccxivrvciing  m  SniAii  Dynuno  to  Produce  the  Electric  LietiL 
By  ALrBH)  CioPTB.    Siilb  Edidon.  ReriHd.    down  in,  do(h        .     9/0 

THE  STUDENrs  TEXT-BOOK  OP  ELECTRICITY, 

By  R.  H.  NoAD,  F.R.S.    fija  pp.,  with  tfo  IIluBiuiou,     Cmm  ivo,  dolh. 
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CaOSBT  LOCKWOOD  «•  SOVS  CATALOGUE. 
ARCHITECTURE.  BUILDING,  ETC. 


PRACTICAL  BUILDINQ  CONSTRUCTION. 

A  Hindhook  for  "     ■  "         -       -      -        ■      - 


odflDti  Prepminc  for  EzmmiiuliocUt  toA  m  Book  of 
H  Engued  in  Bnlldinf.  By  Iohh  Pahhuj.  AllMH, 
DO  Biul£iic  CoiuLmaioii  u   iba    Dorhun  CalLc^  of 


"-' Vcscutlc-oa-Trn.        Fonnb    Xdilioc,    Revunl    ind    KiiiuxEd. 


fj  5°"™  •*JP;^P''s-^  — 

PRACTICAL  MA50NRY. 

A  Onid*  la  tht  Ait  el  StoD*  CntUog.    CompriniiK  ths  Coutrnoioa.  Satlinf 
Out,  and  Wccking  of  Suin,  {^rcolur  Wcrk,  Archo,  Nich«,  Dofn*^  PatAen. 
liiM,   VibIo,   Trtcm   WindOM,    ftc  ;     lo   which   are  iddsl 
nlslini  la  MisODiT  Euinuiing  aod  Quulily  Suneyini,  and 

Siooo,  md  *  GlwiLiy  of  Terna^  For  tho  (j»  of  Stuaoou, 

IVCKAIK,  Building  loipacior  11 
'nlujEed.  Roy>]  Ivo,  aio  pp., 
40a  Diurmns,  doth- 

ijati  PiMithtd.     "  ■ 


■hoiridba  fauBd  <rfaMmd  Atttriv  trebkfciuftt  —dma  ted  <Kfctu>  —^^■t  —  « 

MODERN    PLUMBINQ,    STEAM    AND    HOT    WATER 

HE  ATI  NO. 

A  Ntw  Pnclidl  Work  for  the  Plumbs,  the  Haliag  Enfiiwei,  (he  Archilect, 
udlht  Builder.  By  J.  J.  Liwlki,  Aulbor  of  "  AnericuD  Sanituy  Pliunhing," 
&c.    With  >g4  ninimiKicii  uid  Foldint  PtUo.    410,  cknta       .    m    21/- 

HEATINO  BY  HOT  WATER, 

VENTILATION  AND  HOT  WATER  SUPPLY. 
By  Waltsi  Joke;,  M.l.M.E.    uo  pnces,  vith  140  lllusiralions.   Rdnl  Svo, 
dolh,  {/•»'  PMiitaL    JftI  Q(0 

CONCRETE !   ITS  NATURE  AND  USES. 

A  Book  fee  Atcbilscu,  Builden,  Contncton,  and  Qerln  of  Worki.  By 
Gbobcm  L.  StiTCLiprK,  A.R.I. B.A,  35a  pp.,  with  lUuDUioiu.  Crows 
BvD,  clnlh 7IO 

tmttitBct.~—7m-~Htl  «''!*<  xiyrl  iHiMmu  ifBrlUihAttMuia. 

LOCKWOOD'S  BUILDER'S  PRICE  BOOK  lor  1904. 

A  Compnheniin  Hindbaok  of  the  Lueit  Pricei  ud  Du>  Ux  Biiildn 
AnJulecti,  Eogineen,  and  Contmdon-  Re^oactnifacd,  Re-tnilta,  and 
Greatly  KnUind.    By  Fsahcu  T.  W.  IftLLxa.    loo  dacely-priiKed  pweh 


DECORATIVE  PART  OP  CIVIL  ARCHITECTURE. 

By  Sii  Witxiax  CuAuuxs,  P.R.S.    With  PoRnit,  IlInBrnianii,  Nne*,  and 

•a  EUKTHATIDH  OP  GlKIAH  AlCHITBTnj ■■,    by    JOMIW    CwiLT,    F.S.A. 

Revlwl  and  Edited  by  W.  H.  L«i>w.    <«  Plato,  410,  doch  .    S1/0 
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ARCHITBCTURE.  BUILDING.  ««.  a? 

THB  MBCHANIC5  OP  ARCHITBCTURB. 

A  Tmilli*  OD  AniUn]  Hachuici,  speaillT  Adapted  id  Iha  Uh  of  AichlUcu. 
By  K.  W.  Tjlm,  MiA.,  Aatlur  of  '^  TTic  Sci«o«  o(  Building."  be.  Second 
Sditkn,  Snlaiaed.    lUusiUEd  witfa  la;  Diignnu.    Crown  gvo,  cloth     7/S 


"  Hie  Spin  ood  Tow 


Tttt-bmk  oTURful  iDformuioB  loi  Ar^tecti,  Engineen,  Smveron, 


Tbo  wbole  Coone  uxl  OpenlUm  of  the  DnDghtfnuu  in  Dnwinf  ■  Lvn 
HouH  hi  Lineu  Pcrsneain.  IlloBrued  by  43  Foldinf  PIiUe.  By  F.  O. 
FuGUMw.     Third  Bditicn.    tn,  bcardi 818 


THE  ARCHITBCrS  QUIDE. 

Being  ■  Tot-book  oT  Unful  InforniJ __. 

Codtrncton,  Clerio  of  Woki,  &c,  ftc    By  F.  Rociits.    Cic 

ARCHITBCTURAL  PERSPECTIVE. 

The  whole  Coone  uid  Openliom  of  the  Dn. 
HoDH  in  libeu  Poapedive.  IllaAmed  by 
s „     Third  X/"-'—     *—  >- — -■- 

B.  IMCUBi  Bill.  £^Tfa  tte  JI./.A.^.  ?nir«/J 

PRACTICAL  RULES  ON  DRAWINQ. 

Foi  the  Opomtive  Bnildet  end  YoDiig  Student  b  AnbiteODte.  By  GloItGB 
Pthc    m  Plue^  4to,  bowdi 7/6 

MEASURINQ  AND   VALUING  ARTIFICERS'  WORK 

(The  Stndmit'i  Guide  »  the  Practice  of)-  Contuning  Directions  for  liking 
biraennons,  Abetncting  the  nme,  isd  isringing  the  Quntiiiet  bio  Bill,  with 
Tiblei  of  Conitanu  f«Vdiiuuin  of  Liboui,  Ind  for  Ibe  C>li:ulalion  of  Anu 
end  Saliditiee.  Oiigiully  edited  by  E.  Dobkih,  AnJiilKt.  With  Addilioni 
tay  E.  W.  Takh,  M.A.  Seventh  Edition,  Reviwl.  With  8  Plus  uid 
63  Wmxlcali.     Crown  Bvn,  doth 7/8 

TECHNICAL  QUIDE,  MEASURER,  AND  ESTIMATOR. 

Fv  Baikien  end  Snrveyon.  Contwninf  TBdmidl  Directioni  for  Mcanring 
Work  in  ell  the  BuUding  Tikdu,  Complete  Spedficuioiu  for  Honiei,  Rouli, 
ud  Dniini,  ud  u  Keiy  Method  of  Extimuing  the  pini  of  >  Building 
colleelinly.    By  A.  C.  Butoh.      Ninth  Edition.      Waiacoet-pnckei  siie. 


SPECIFICATIONS  FOR  PRACTICAL  ARCHITBCTURB. 

A  Gnide  to  Che  Architect.  Eogineex,  SarTeyar.  end  Builds.  With  aa  Euay 
m  the  Structure  And  Science  of  Modem  BaildinA.  Upon  the  Baiie  of  the 
Work  by  Altuh  BAHTHOLOHaw,  ihoroughly  ReriKd,  Contcled.  indgitally 
added  to  by  Fnmuicx:  Rooks,  Architect.  THrd  Editioo,  Reiiied.  Sro, 
doth 15/0 


THE  HOUSE-OWNER'S  ESTIMATOR. 


Or,  What  win  il  Cm  b>  Build,  Alter,  or  Refairr  A  Price  Book  fbt  Un. 
pcDfeaaioDa]  People  aa  weQ  aa  the  Arcbiteciural  Surveyor  and  Builder.  By 
T.  D.  SiMOir.  Bdiied  by  F.  T.  W.  Hitm,  A.R.I.B.A.  FiFlh  Ediikn. 
Cartfblly  Reviled.    Crown  tn,  dolb A'K  S/S 


CROSBY  LOCEWOOD  «•  SOITS  CATALOGOB. 


SANITATION  AND  WATER  SUPPLY. 


THE  HEALTH  OFFICER'5  POCKET-BOOK. 

A  Goiitfl  to  Swiurr  Pnctics  ud  Lev.  For  Uadkal  OOetn  of  Hulib, 
SaniiuY  Idhxcutv,  Membfin  of  SuiiorT  ADIhoniiA.  ftc,  Br  Edwau) 
F.  WiLLOUGKiT.  M,D.  (LoDd,),  &c    Srcooi  Ediiion,  Rerbcd  uid  Enlinnd. 


THE  BACTERIAL  PURIFICATION  OP  SEWAQE: 

Bcmg  ■  Pncticul  Aconint  of  Iht  Vuioiu  Modem  BioloficJiI  Wctbodi  of 
Puii^iiuE  Scwii*.  B7  SiDHir  Barwisk,  M  D.  (Lend  ),  D.P.H.  (CUnb.), 
<tc.    Wtib  lo  I^  PlBiet  nod  >  Folding  Diicn™<-    Roynl  Svo.  dolh. 

THE   PURIFICATION  OP  AEWAQE. 

Bcin(  ■  Brief  Acceniu  of  itie  Sci«nii&:  prindpln  of  Sewic*  Purifcuiai,  ind 
their  PiKtial  AppLicuioB.  By  Sidhbv  Baiwiw,  M.D.  (Load.),  M,R.CS., 
D.P.H.  (Cunb.hFellov  of  ibaSuiiirrliutinii^  Medial  Officer  of  Hedth 
ID  Ltae  Defbyihire  CoUDly  CoodcQ.    Crown  tra,  doth    ....    0(0 

WATER  AND  ITS  PURIFICATION. 

A  Huidbaa)i  for  the  Uk  of  Local  Aothoriliei,  SuitMrr  OScen,  ud  otben 
inlemted  in  Wuer  Supply.  Bt  S.  Kidul,  D.Sc,  LobiI.,  F.I.C.  Second 
Ediiion,  Revised,  with  Addiiions,  IncludinE  numeroui  Illuslriliont  ind  TiMei.- 
L«Re  drown  8vo,cl«h JlTll    OIO 

RURAL  WATER  SUPPLY. 

A  Pnciic*]  Hudbook  on  the  Supply  of  Wub  and  f^onnmetioa  of  Wuer- 
work!  for  Soull  Couniry  Diitricci.  By  Ali.ah  Giimwiu.,  A.M.I.C.E:^ 
udW.  T.  CVHiiv,  A.M.I.C.E.    Reviled  Edition.    Crown  in,  dotb    B/O 

THE  WATER  SUPPLY  OF  CITIE5  AND  TOWNS. 

By  WiLUAU  Huum,  A.M,  loH.  CK,  and  H.Iast.  M.E.  Imp.  410,  lulf- 
boniid  morocco.    (See  p*c<  >t.) Jftt  Mo  6: 

THE  WATER   SUPPLY    OF   TOWNS   AND  THE  CON- 
STRUCTION OP  WATER-WORIU. 

By  Fkotissde  W.  K.  Burton,  A.M.  liul.  O.K.  Second  Edition.  ReviKd 
Hid  Extended.     KoyaJ  Svd,  cloth.     (See  p*se  id.)    .  ■     CI   B*. 

WATER  ENQINEERINQ. 

A  Priiclic»l  TrenllM  on  lh«  MeuuremenI,  Stomje,  ConTeymnce,  ud  Utili™. 
ticn  of  WetEiior  the  Supply  of  TowDL     By  C.  Slaoc,  A-il.  loU-CE.     7(8 

SANITARY  WORK  IN  SMALL  TOWNS  AND  VILLAOES. 

Br  CHAum  Sugg,  a.  M.  Inn.  C.E.    down  jvo,  doth     .       .       ,    3/0 

PLUMBINO. 

A  Tui-book  10  Ibe  Pnctlcc  of  ibn  An  «  Cnft  of  the  Plunba.  By  W,  P. 
BoCHAH.    Ninth  Kditioo,  EdIubsI,  with  joo  lllunntiooi,    Cmn  fn,  S/0 


1,  R.P.    Crown  a™,  cloih    . 


1.;.  Google 


CARPBSraj,  TIMBSa,  «<. 


CARPENTRY.  TIMBER.  ETC. 


THE  ELBMBNTARV  PRINCIPLES  OP  CARPENTRY. 

ATniLiiH  oo  the  PRnQRUHl  EqaiKbriDmodlmbHFiuiuiii.  thaRsilnue* 
of  Tinbgr,  wid  ihs  Cmtmciioii  of  Floors,  Aictws,  BridEo.  Koolt,  Unidoi 
ItOB  and  StoH  with  Timber,  Sc  To  wbieh  it  added  to  £•»  on  tlM  Nnun 
■ud  PiDpeiliet  of  Tirabs,  &c,  with  Deemnioai  of  the  kinct  of  Wood  nKd 
in  BuildinE:  liio  onincroiu  Tiblo  of  the  Scutlinn  ofTimbu  fordifienni 
piirjxi9ei,iEeSped&i;GnvitieiDfMueiikli,  ftc  B^THaHAsTeuKOLD,  C.E. 
Wilh  in  Appcndii  o(  Spcdmsu  of  Vuioot  Roofi  oTIron  and  Sicoe,  IJlui- 
tratcd.  SevcDlh  Edition,  thcxDUEhly  Reviwd  and  considerably  EnlvEcd  by 
-     --      -' -  ■  -1    ilding,"   ire. 


WOODWORKINQ  MACHINERY. 

In  Riia,  Procnss,  imd  Construction.  With  Hints  on  the  Msnnceaent  afSaw 
"!"■  Mid  the  Ececwniical  Caoveniciii  of  Timber,     lllnsrated  with  Examples 

. cent  DeugBB  by  lading  English,  Fiench,  and  Ajnerican  Entineen.     By 

U.   Powu   Bale,  A.U.IniLC.K.,    M.I.H.E.      Secsod  Edition,  Rensed. 

with  larte  AddMoot,  larfB  cr        "  '  "'  

■■    -  to  li  irtihBihr  m 

SAW  MILLS. 

Tbdr  Arrang[eiDcnt  and  ManafsdenU  and  the  EcaMminl  Ctaiver^oD  of 
Timber.  By  M.  Powis  Bau,  A.M.IiisI.Cfl.  Secsod  Edition,  Rensed. 
Crows  Ito,  clolh 1 0/S 

THE  CARPENTER'S  GUIDE. 

Or,  Book  of  Lines  for  Carpenters ;  conprtsinc  all  the  Elementary  Prindplea 
essential  for  acqniring  a  knowledge  of  CaTpentry.  Fnmded  on  the  late  Pwtem 
NtcHOLsoH's  sundard  «i>rk.  aVew  Editian,  ReriaedbyAiiTHna  Ashpitkl, 
F.S.A.  Togelbet  with  Piactical  Rules  «  Dtawing,  by  OioiuiB  Pm. 
With  74  PIho,  4to,  cloth £11*. 

A  PRACTICAL  TREATISE  ON  HANDRAILINO. 

Showing  New  and  Simple  Mstbodi  for  Finding  Ibc  Pitch  of  the  Plank,  Dnwing 
tha  Moulds,  BeRlling,  Joindng-np,  and  Squaiiog  the  Wreath.  By  GaoaoB 
CoLUHoa.  Revised  and  EiilBiied,  to  which  is  added  A  TixaTiu  oh 
Sraia-iDiLDiNC    Third  Edition.    With  Plates  and  Pianams.    iinio,  cloth. 

2/e 

;|WBlb«(il»clofg^™iaMIIqJnth«  " " 

CIRCULAR  WORK  IN  CARPENTRY  AND  JOINERY. 

A  Practical  Treaiiie  on  ClrciUar  Work  oT  Single  and  DonUe  Cnrranie.  B* 
GuiuSE  CoLUHCS.  With  Diagrams.  Fourth  Kdilion,  Tamo,  cloCh  .  2W 
"  An  eigefleat  aumpla  of  vhK  a  booh  of  thb  kliiil  ihaiU  ba.    Oiaap  b  pflca,  dear  in 

THE    CABINET-MAKER'S   QUIDS    TO   THE   ENTIRE 

CONSTRUCTION  OP  CABINET  WORK. 
By      RlcnanD   Bmujl.     lllnilraled   with    Plans,    Sectioiit    and   WorklnE 


DrawiafL    Crown  Ivo,  cloth    . 


),g,t,.,.d.i.  Google 


JO         CROSBY  LOCKWOOD  «•  SON'S  CATALOGas. 
HANDRAILINQ  COMPLETE  IN  EIQHT  LESSONS. 

Od  ■>■■  SqBBn-Cin  Sj^no.  Bt  J-  S.  Goumioir,  Tncher  of  Oc« 
ftod  BuildiDg  CaDfinJcticn  At  ilia  "■^i^'  Mcdunid'  liutitllta.  Widi  J 
PlaloiDil  DKt  ijQ  PiiQkal  Emcka.    tlo,  cinch         .... 


TIMBER  MERCHANT'S  uid  BUILDER'S  COMPANION. 

V  and  Copkxu  Tibia  of  tht  Rtdoced  Weiihc  ui 
'  "  - T£\a!a 


THE  PRACTICAL  TIMBER  MERCHANT. 

Bring  a  Guide  for  Ihc  Uk  oT  BniUing  CoDtnclcn,  Suiwymi,  BnDdan,  ftc, 
cumuruiiiz  nxful  Tsbln  fin  all  parpmei  cwnscled  vilh  thi  Timber  Tndi, 
Mario  of  WDod,  Esuron  theStrcaglborTimba.  Remvki  on  Ihi  Gnxnh  of 
Tunba,  &c    By  W.  RicKAUMOH.    SscoDd  Edition.    Fcip.  Bva,  clodi   .    ZIfl 

PACKING-CASE  TABLES. 

Sbooinf  Ihc  numbn  at  Superficial  FeM  In  Boa  or  PaddnC'Cuai,  boiu  i!a 
inctas  iqunn  uid  npwitrdt.     Br  W.  Ricsaumoh,  'HmlMC  Broks.    Third 

QUIDE  TO  SUPERFICIAL  MEASUREMENT. 

Tablu  calcnlaled  from  i  lo  aoo  inchei  in  lei^th  b^  i  to  lot  incba  in  tnadlh. 
For  the  use  o£  Arcbilecu,  Survcyon,  EnEineeri.  Tlinher  Hodiaalt, 
Buildeia,  ftc    By  jAUn  Hawiihcs.    Fifth  Edition.     Fcnp.,  doth.    S/S 

PRACTICAL   FORESTRY. 

And  iti  BuiiuE  OD  the  InptomBeDI  of  Eituo.  B7  Ckailm  E.  Cdhtis, 
P.S.i.,  Professor  of  Foreitij,  Field  EoEineenDg,  and  Geoanl  Esau 
Muiagemenl,  U  Ihe  Collegi  of  Afriiniltuie,  Downton.  Second  EditiuB, 
Renaed.    Oown  avo,  doth 3tS 


THE  ELEMENTS  OF  FORESTRY. 

De^lTDcdto  aJtbrd  Infonnaiim  concerainE  the  Plantinf  aod  Can  of  Foceat 
Tieei  for  Oiuunenl  or  Prolit.  with  suEiFEitiiaii  opon  the  CmtioD  aod  Cat*  ul 
Woodlaodi.    By  F,  fi.  Hough.     Laige  qowb  Bvo,  doth     ...    1 0/O 

TIMBER   IMPORTER'S,  TIMBER   MERCHANT'S.  AND 

BUILDER'S  STANDARD  QUIDE. 
By  RlCHAID  E.  G(AHiiT.    Canpriiina  ^-An  Analni  of  I>eal  Suadaidi, 
Hmna  und  ForeOB,  vilb  Comiaratin  Valnei  and  Tahniaj  AnuicemcBU  for 
Net  Idndnl  Coat  on  ^ic  and  North  Amerkas  Denk,  indodisi 
diate  Expenaeif  FreicEht,  iuuraiice.  ftc  i  tontber  «i  ' 
lb*  Ritailer  and  Bnildai,     TUrd  Editiga,  Reviled, 


1.;.  Google 


DBCOBATtVB  ARTS.  Ac. 
DECORATIVB  ARTS,  ETC. 


5CHOOL    OP    PAINTINQ    FOR    THB    IMITATION    OP 

WOODS  AND  MARBLES. 
Ai  Tu|bl  mud  PncliHd  by  A,  R.  Vah  Dm  BUK  mni  P.  Vah  dm  ficwa, 
Dirscuin  o<  Ihc  RoHsnlui  PuaunE  lulinilioa,    Royil  folia,  iH  by  iif  in. 


ELEMENTARY  DECORATION. 

A  Guide  Lotlu  Simpler  PonuoTEvBrTday  An.  Tocatba  with  PRACTICAL 
HOUSE  DECORATION.  Bv  Iahd  W.  Fxcn.  Wilb  muHnni  llltu- 
DUioni.    Id  On*  Vol.,  lUODily  half-lxniiid 0/O 

HOUfiB     PAINTINQ,     QRAININQ,     MARBLINO,    AND 

SIGN    WRITINQ. 


A  Fndicil   Huiul  of.    By  Ellh  A  Datidsoh.    Rightb  E 
""  od  EoEnviiiis.    Crown  ivo,  doS     . 


CeloorMI  Ptua  ud  Wood  £i 


THE  DECORATOR'S  ASSISTANT. 

A  Modon  Oukla  for  DocoiUin  AitiiU  fend  Aautnrt,    PuqUrt,   Writcn, 
Giidoi,  ftc    Coniaininf  opwanb  of  6od  Rcceipu,  Ruks,  uhI  Itutmctiv    ~ 

I^tcriU  ud  iia 


MARBLE  DECORATION 

And  tho  TmniDolocy  of  Britiifa  wid  FocdiD  Mubin.  A  Huidbaali  Iv 
StulBiu.  BtGiovok  H.  Buaiovi,  Author  o(  "  Sboniil  nod  iu  AHiBca- 
tioB,'  Ac    With  i(  Illusntioai.    Crown  Ivo,  doth       ....    3/S 


1.;.  Google 


CROSBY  LOCSWOOD  «•  SOS'S  CATALOGUE. 


ORNAMENTAL  ALPHABETS,  ANCIENT  ft  MBDIiCVAL. 

Fmn  tb«  Eiibth  Ccotory,  vitk  Ntunarkli;  ■■*^>wHiiiy  Gothic,  Chordi'Taict, 
llirtB  mad  imall,  Gomu,  lujitm,  AT«b««qcie,  lEutimlj  iiM  lUamiiutiod, 
MoDoeruu,  Cidho,  Ik.,  kc,  for  the  uc  of  Archiucnnl  ud  SuKinceriiic 
DruiibDnicii,  Uiuil  PaiDtcn.  UuoDi,  Decmtivc  Punnn,  T  ' 
EoKnTn,  Cwven.   &C,    CoU«CHd  vid   KnpmTod   by  F.    Dki 


h  &C,  Coll«l« 
rt.       Now    ud 


MODERN  ALPHABETS,  PLAIN  AND  ORNAMENTAL. 

IndDilinc  Goinan,  Old  RofQdi,  Suga,  luBc,  Pomcdn.  Ondc  Htbnir. 
Coon  Uud,  EopoaiBg,  Tucui,  Ribud,  Gothic,  R 


with  menl  Oriiuul  Dasini,  mnd  u  Aonijta  of  im  Ramu  u 
"ibntxti,  luits  wid  Bull,  trail  Ktuaenli,  (oc    '"  —     ' 
r¥eyart,  Huocu,  DACcntive  PuDUn,  Litbocn 
.    CoUaded  ud  Encnind  by  F.  DsujiaTT 
iw  uud  Cbcaper  Edliioo.    Rofal  Am,  obJoai,  or 


MEDIEVAL    ALPHABETS    AND     INITIALS. 

Bt  F.  G.  IlELAHcrm.  Conuinipg  ti  Pluia  and  llinmiiiMed  Tuit,  prioled 
ID  Gold  nad  Coloon.  With  ma  Introdtmion  by  J.  Wiiiu  Buoan.  Fifth 
Edition,     Small  4111,  ocnunellU]  boirdi A'l/  010 


A   PRIMER  OP  THE  ART  OP  ILLUMINATION. 

For  [he  Uu  of  Briinaen ;  with  ■  RndinnitarT  TrsailH  on  the  Ait,  Pnoicut 
Dinciiooi  for  ixa  Ejcctcik,  and  Examplei  takcD  fiom  [UumiDHod  MSS,, 
pnoiod  in  Gold  and  Coloun.  Bj  F.  Du-uiorra.  Now  and  Ckeapot 
Ediiico.    Soiall  4to,  amamcntal  boudi aiO 

THE   EMBROIDERER'S  BOOK  OP  OESIQN. 

ContaininE  Injtifrla,  Emblems,  Cypben,  Honogruiu,  OnuMia^  Bordan, 
Sccleiiulical  Dencca,  MEdisval  and  Modan  Alpbaboti,  and  Naliooil 
Embiecu.    Cellecicd  by  ¥.  DiLaMOTTB,  uid  printad  in  Coloon.    Obloac 

niyal  Svo.  omuncanl  wnppa ^it  SjO 

•      --       .- -    laiUia  mJ  jMig  di" " j__._..i 


WOOD-CARVINO   FOR   AMATEURS. 

With  Hinu  on  Desfn.    Br  A  Ladt.    With  lo  Plalca.     Now  aad  C 
EdilioD.    Ciown  Bvo.  in  amblenuuic  wiappsr 

PAINTINQ   POPULARLY  EXPLAINED. 

By  Thohas  Johh  Gdllice,  Piialn,  and  John  Times,  F.S.A. 
Fresco,  Oil,  Uosaic,  Wuet-CcJoot,  WHcr'Glao,  Tcmpeia, 
Bifiniainrc,  PaiDting  on    Ivory,  VoUam,    Pouvy,   Eaamol,  Glan, 

Edjdoa.     Crowu  Bvo,  clodk  

;*  AimtUi  u  »  /Via  Soo*  at  SeiM  XMnnftoii. 


d^iCooi^lc 


NATURAL  SCIBNCS,  *<. 
NATURAL  SCIENCE.  ETC. 


THB  VISIBLE   UNIVERSE. 

a  tba  OrlfiB  u 

,  Anthaof  "Stu ,_, 

ud  !■  Plus.    Demr  Ivo,  ckitb    . 

STAR  QROUPS. 

A  Scndml'i  Gnidi  to  Um  CoDMaUitiaai.  Bj  J.  EUAU)  Ooa*.  F.K.A.g., 
M.R.I.A.,  Ac,  Antboc  of  "Tba  Viabl*  UiiiniH,-  "Tlw  Souir  of  th* 
Hamu,    ftc    Willi  jd  llifii.    Small  4b>,  doth 0/0 

AN  ASTRONOMICAL  QLOSSARY. 

Or,  DiatoDiuT  of  Tenu  naad  in  AKniMar.  Wilh  Tibki  of  DUn  md  liMl 
0^  RimukiUa  ■Dd  iDUnMuif  Celodiil  Ofataco.  By  J.  Kluid  Ooo, 
F.R.A.S.,  Antiiar  of  "  Tb  Vufbli  Uninni,"  fcc    Staall  cnnn  Sn,  doth. 

THB  MICROSCOPE. 

IwCowtmoioniuid  MMmgBMOl.  lndodini  Todmiqa*,  Pbot»wktB(r«(ihTi 
•sd  tlM  Put  uid  FdRui  of  iha  HicTOKi^H.  By  Di.  Hum  tad  Hiurck. 
R«-Kdiled  nod  Ancmaital  (rom  tlw  Footlh  Frendi  Xdilioo,  nod  TmulMad 
by  Wvmn  E.  Bum,  F.G.S.     Imp.  Svo,  doth      ....    1 B/0 

A  MANUAL  OP  THE  MOLLUSCA. 

A  TmtUa  OB  Kcceni  ud  Fanl  Sbdli.  By  S.  P.  WoomruD,  A.L.8., 
F.O.5.  With  ui  Appadii  on  RKZirr  ahd  Foaii.  CoiKKOLaoKU, 
DucoTBiMt,  by  Ralth  Tat*.  A.L.S,,  F.G.S,  Wltb  13  Plu«  ind 
■nwnnl*  el  3as  woedciiti.    Rejjnni  of  FoBith  Edltkn  (lUo).    Cnwn  Km, 

THE  TWIN   RECORDS  OF  CREATION. 


LARDNBR'S  HANDBOOKS  OP  SCIENCE. 
HANDBOOK  OP  MECHANICS. 

EulusaludR-wiittenby  B.  Lonrr,  F.R.A.S.    PoS  Bvo,  doth     .     0/0 

HANDBOOK  OP  HYDROSTATICS  AND  PNEUMATICS. 

RnaediDd  RnliiScd  byB.  Lonn,  F.R.A.S.    PoMlTO,dotb        .    BfO 

HANDBOOK  OP  HEAT. 

Edited  udn-imllni  by  B.I«IWT,F.R.A.S.     PoM  Sto,  dolb         .    S/0 

HANDBOOK  OP  OPTICS. 

NwEditioo.    Editedby  T.  OLniiHAiniiiKi,B.A.    Sowll  )*o,  dolk    S/0 

BLECTRICITV.  MAONETISAI,  AND  ACOUSTICS. 

SiUud  by  Gbo.  C.  Form,  aA.    Small  Ivo,  doth  ....    S/0 

HANDBOOK  OP  ASTRONOMY. 

RniMdudEdhedbyEminHDDMiciii,  F.R.A.S.    Ivo,  dotb  .        .    S/0 

MUSEUM  OF  SCIENCE  AND  ART. 

Withnpmidtof  i,iooEnfTanniL   In  Six  Double  Voluma,  £1  1  ■.  Cloth, 
or  hiJf.noroccs Si  11*.  Ob. 

NATURAL  PHILOSOPHY  POR  SCHOOLS  .  .  8/6 
ANIMAL  PHYSIOLOOY  FOR  SCHOOLS  .  .  8/0 
THE  ELECTRIC  TELEGRAPH. 

RniHd  by  K.  B.  Bkioht,  F.R.A.S.    Fap.  Ito,  doth  2/fl 


1.;.  Google 


J4  CROSBy  LOCKWOOD  «•  X>irS  CATALOaOB, 

CHEMICAL    MANUFACTURES, 
CHEMISTRY,   ETC. 

THE  OIL   FIELDS  OF   RUSSIA    AND   THE    RUSSIAN 

PETROLEUM    INDUSTRY. 

A  Ptactical  Handbcok  on  tbi  ExplcndoD,  KltplaitatioD,  Ajid  MuiAgentDt.^ 
of  Kuuian  Oil  Prop«lic9,  including  Notei  on  Ibc  Origin  of  Feiroltum  in 

Tianilsiiwi  of  the  RuIh  ind  R«uliIio[u  conctming  R[i»iin  Oil  Prip-nies. 
ByA.BEEiivruoHrK>H,A.M.I.M.E.,l>»Chicr£ngiD«i)indM>ugRaf  tbg 
Euroman  Petroleum  Comjuuiy's  RlMMin  Oil  PropertKiL  Aboul  500  pp.,  willl 
numerous  IlliuiraiiansaDd  Photwaphic  Plitci,  uid  b  Uiip  of  Ibc  BiJalcWy- 
Saboontchr-RoRiuv  Oil  Ficid,    Super-icral  Svo,  cloth. 

THE  ANALYSIS  OF  OILS  AND  ALLIED  SUBSTANCES. 

Bt  a.  C.  Wricht,  M.A.Oton.,  B.Sc.Laod..  fo€malf  Aiustanl  Lacnnr  In 
CbemiioiF  u  the  Vorluhin  Collagi^,  Lcedi,  and  Lsclnret  in  Cbemiiny  ai  tba 
Hull  Technical  School.     Demy  Bra,  cl«h »•<  BJO 

THE  QAS  ENGINEER'S  POCKET-BOOK. 

ConipriiiDI  Tabid.  Noto  and  UemoraDda  nlatmi  Id  Ihe  Uanificnn, 
DiMiibution  and  U«:  of  Coal  Gai  and  the  Coaitiuctron  of  Gai  Worki.  Bj 
H.  O'Cdhhob.  A.M.InH,C.E.  Second  Edition, RrTisal.  470pp., crown  tro, 
liiily  IDuUrued,  lenltao 10IS 


u  qumrin  oripacUllBd  lalonaitlan.  ecKplliiil.  w*  bain*,  b«a 
mikt  It  a  EouldBatilt  nlua  D  tboH  fH  lAiui  U  ii  nniillri«T 


LIOHTINO   BY  ACETYLENE 

Oeneralon,  Buinen,  and  Elccnic  Farauci.  By  William  E.  Gubi,  U.K. 
Witb  M  lIliutialiiHU.    Ciown  tvo,  cloth 7JS 

ENOINEERlNa  CHEMISTRY. 

A  Piaciical  Ticallis  for  the  Uk  of  Analytical  Chcmiiti,  EnEineaii  Iran 
Uanst,  lion  Foundrn-StudRiuaiidMhen,  Comprildiif  Mdbodi  of  AnalyA 
and  Valoaiion  of  ihs  Principal  Uusiali  oied  ill  EDnneoing  Wock,  widi 
numsDiu  AnalyKL  Eiamplet  and  SuggeitiDni.  By  K.  JoSHUA  PniLLM 
F.I.C.,   F.C.S.     Third  Editinn,  Keviiad\nd  Kularged.     Crown  im,  4»  F^ 


NITRO-EXPLOSIVES. 

A  Practical  TicaliiE  concerning  Iht  Pioperliei,  HanufaclDT*,  and  Analyiii 
of  Nitrated  Subfttancet.  including  ihe  Falnunatea,  SmciideH  Powd«i|  and 
Cellulcud.  ByP.  GlRALD  SAHTOItD.  F.I.C.Canialling  Chemiil  to  Iha  Cottoa 
Powdar  Company,  Limited,  &c    With  Uluitiuioni.   Crown  Bro,  cloth.     9/0 

A  HANDBOOK  ON  MODERN  EXPLOSIVES. 

A  Fnctical  TreMiK  on  Ihe  Mannlaciurs  and  Use  of  Dirnimite,  Gun-Cotuo, 
tJitro.Glycerino  and  otiier  Eiplosive  Compounda,  including  Collodion-CodqO. 
Wilb  Cbapien  on  Etplotivei  in  Practical  Applicalion,     By  M.  Ethlu.  H.E. 

Second  Edition.  Enlarged.    Crown  Bn,  doth 1S/6 

Jotlrai  tupJored  for  mlKta^,  ^ilag 


i^iCooc^lc 


CHEMICAL   MANUFACTURES.  CHEMISTRY.   «<.       35. 
A  MANUAL  OF  THE  ALKALI  TRADE. 

iKJndini  lbs  Hinnbcinn  of  Snlpbnric  Acid.  Sulphu*  of  Soda,  ud  Bleachfac 
PowiB.  By  ToHK  Lo»u.  AlUi  HuurKlora.  Wnh  iji  lUnantiou 
Bzkd  Workmff  DnwJnEK,  Sacood  Edition,  with  Additioni.  Super-irnl  Bvo, 
doth A1  lOi. 


DAKOEROUS  GOODS. 


THE  BLOWPIPE  IN  CHEMI5TRY,  MINERALOQV,  Etc. 


CaiULinini  ill  known  Methodi  of  Anhydiou  Aiuiyiit,  dudt  WocUaf 
Kxamplca,  uid  truirbclicHLa  for  Mfiking  Appu'Wu.  Br  LicuL-Calond  W.  A. 
Ron,  R.A.,  F.G.S.  Second  Edition,  En1u(ed.  Crown  Bn,  cloth  .  BIO 
wa^nrud  nkicnkvr EbuilFb*  [wd  ' rot  u^ '  snr of^t 


THE  MANUAL  OP  COLOURS  AND   DYE-WARES. 

Thdr  Piopenio,  Applicmiaoi,  Valualioni,  laiautilia  and  Sophiiliacioot 
For  the  U<c  of  Dfcn.  Piinten,  Dryultcn,  BraCni,  &c.  By  J.  W.  SuTUI 
Second  Edition,  REvised  ud  freuly  Enlujied.    CtDVB  Sro.  doth         .    7|( 

A   HANDY  BOOK  FOR  BREWERS. 


FUELS:    SOLID,   LIQUID,  AND  QASEOUS. 

Their  Andyxii  ind  Vilnalioo.     Fur  the  Uie  of  Chemiju  ud  Eogineen.     B 
H.  J.  Phillifs,  F.C.S.,  (oniMrlT  Anolylial  and  ConnlluiE  ChemtB  u  [1 

G.E.  RlwT,  Fourth  Kdilka.    Crown  in,  dolh 2/1 

"  Oc«fcd  la  hmr*  IB  p^CH  ta  ItA  kbonnrr  oi  **en  uHlkwIol  tihlihmmt  end  wbanw 

THE  ARTISTS'   MANUAL  OP  PIQMENTS. 

Showing  Ihdr  CompHilion,  Condition!  of  Pcrmanoicy,  NoD-PfTrnanencr,  u 
AdDlIerauons,  ftc,  with  Tetu  of  Ptuiiy.     By  H.  C.   Stahdacl     Thii 


A  POCKET-BOOK  OF  MENSURATION  AND  QAUQINa. 

Coouining  Tifalei,  Rulei,  nod  Uemonnda  for  Rncno*  Officer!,  Breinn, 
Spirit  Ueichuu,  kiL.  B;  ].  B.  Uaht,  Inlud  Rnoiiu.  Second  KdittoB, 
Rnriied.    ttmo,  leather 4/0 
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36        CROSBY  LOCKWOOD  *•  SONS  CATALOGUE. 

INDUSTRIAL     ARTS,     TRADES,     AND 
MANUFACTURES. 

TEA  MACHINERY  AND  TEA  FACTORIES. 

A  DucriHln  Tnaluc  oa  the  M*clunia]  Anilliiicsi  rcqnind  in  tta 
Cultivation  of  Iha  T«  Flinl  mid  tha  Pnpuation  of  Tta  for  thaUa^st.  B* 
A.  J.  WALLit-TaTLK*.  A.  M.  toil.  CB.  UcdiDm  Sto,  t6S  pp.  With  til 
.„ .___  .       .       .    JVW  SB/O 


FLOUR  MANUFACTURE. 

ATraatinm  MUUuSdsic*  and  Pnctlca.  Bt  Fiiedhich  Xio,  In 
KutamiiRalli,  Ptalii»  of  Haebanical  Ttcbnokwr  in  the  Inpwial  O 
PalTMchnic  Imdnie,  Pncna.  TnoiUlnl  from  Ibr  Sccood  EobiM 
Rariwl  EdiUoa  with  SnppkBoit.  B7  H.  H.  P.  Powlb,  Aboc  1 
ImtilBlioa  of  CiTil  Xncmeai.  Menilr  400  pp.  IlloRnHd  with  tl  Fi 
Flalca,  md  167  Waodcnti.    Royal  In,  clotli   ■  "' 

•kXasd-i 


MODERN  CYCLES. 

A  Practical  HandboDlc  on  Uht  CooSztielkia  and  Repair.     "Rj  A.  I.  WaLUS- 
TATLn,  A.  H.I11K.CE.,  Author  of  "Ra<nnndniMadiioery,''^&i:.    With 


MOTOR  CARS  OR  POWER  CARRIAQES  FOR  COMMON 

ROADS, 

By  A.  J.  WALLTS-TavT.ni,  Asoc.  Mcmb.  Intt.  CE.,  Anlhor  of  "  Modan 
Cy<:L«,"Sc.    iiipp.,  withTilUunruiDiu.    Crows  Svo,  cloth     .       .    4/6 

- ...  4  bJuHlbeiort  of  w-k  ilai  «■«««»«, 

vk,  would  do  WIS  to  md  h  1  pnflmbWTla 


i^iCooc^lc 


INDUSTRIAL  AND   OSBFOL  ARTS.  39 

PRACTICAL  TANNING. 

A  Hudbook  of  Modem  ProccKu,  Recciplf,  and  Sugggtiom  tOtlbt  TraaHMnt 
of  Hidu,  Skloi,  and  Pclu  ot  evd*  bocripiion.  B*  L.  A.  FLSHHtMO, 
Aueriom  TuBcr.    4T'l>'«'i-    Bn>.  clclh.         Utut  PtOliilUd.    JVil  QS/O 

THE  ART  OP  LEATHER  MANUFACTURE. 

Biiiu  k  Pnctial  Hndbook,  in  which  Um  Opwuiou  oT  Tinnini,  Cunyiu, 
ud  L«uha  Dmuni  an  lully  Docrfbed,  ud  Ibg  Prindnln  of  Tu^[ 
BxBblnvd,  ud  nuy  R«o*&l  PnccHS  Introducad  ;  u  mlio  MObodt  fcr  tha 
KBunuiao  of  TuDRi,  and  ■  Docriixioa  of  th«  Aru  d  Clua  Bofliac,  Gnl 
DnHinf ,  Ac.  Bv  Aluukdii  Watt.  FonRh  Edition.  Crown  txo  tMh. 
8/0 

Jr«Mk  "  "*  ""'"  "*  '"'"'*"'  ~^*"*"' 

THE  ART  OP  50AP-MAKINO. 

A  Pnclical  Handbook  of  Ifaa  ManofKIDia  of  Hud  and  Soft  Soap*,  ToilM 
Soun,  Ac-  iDcJudiw  manr  Kaw  PrDcaaea,  and  a  Chaptv  on  tba  Racowv  of 
GlTOBina  from  Wule  Liyi.  Bt  ALaxaHDii  Watt.  Sixlb  Edilioa, 
fnduding  an  Appenilii  on  Modem  OukHamaking.    Crown  Bra,  cloth  .     7/8 


PRACTICAL  PAPER-MAKINQ. 

A  UaDBai  fin  Fapei-Uakan  and  Ownen  and  Managsn  of  Papu-Hilli.  With 
Tabloa,  Calcoialtou,  &c  Bt  G.  CurmTOHiFapei-Maktr.  With  llltu- 
„^ '•='^— -— "locKt^oioerapiu.    Ctown  Ivo,  cloth  .    S/0 

THE   ART  OP  PAPBR-AIAKINQ. 

A  Piactica]  Handbook  of  cb*  HanuTaciiin  of  Fapar  from  Ri|i,  Eipaito, 
Stnw,  and  otba  Fibroui  Ualarialx.  Including  Iba  UanufKtm  of  Pulp  bam 
Wood  Filva,  wiih  a  Dticription  of  tba  Hacbinaiy  and  AppUancai  toed,  T9 
which  an  alidad  DetalJf  nf  Ptdcxubi  for  Rwjnnnc  Soda  Aom  Wail*  Liqaen. 
By  AixjCAHDan  Watt.    With  Illutiaiiaai.    Crown  Std,  doth  .       .    7/4 

lii^alralihM,  III  nil  rrii  iiilim  1111111111        rts rf  n  Jiiffiu  Trmda  Jtm^mt. 

A  TREATISE  ON  PAPER. 

Fn  Prialcra  and  Stalionen.  With  an  Ontlhia  of  Papsr  Hannfaclua ;  ftirplna 
TaUca  of  Siua,  and  SHcimfni  oC  DlSartnt  Kindt  of  Papar.  B]f  RicHalD 
PabkihMM,  lata  of  IhaUancbeuer  Technical  SdnoL   DemrSra,  cloth     a/S 


•  u  tba  Uannfictnra  and  Applicalioo  of  iIh  tbtIobi  Aulad- 
iba  Bnltdlnc,  Uatal-Workiiu,  Wood-WotUnt,  and  Laaihai- 
,  and  for  Woritihop  aikd  Offica  Uaa.     With  npwardi  of  000 


WoriJnc  Ttadca,  and  for  Woduhop  ar 
Raipca.    B;  H.  C.  Sramuo.   Turd 


IndndiiiB  Varwering,  Marqu 
Small  crown  Bvo,  cloth 


.    Crown  Bra,  doth 


FRENCH  POLISHINQ  AND  ENAMELLING. 

A  Pnctiol  Work  of  Inorunion.  Including  Numeroul  Recipei  for  maUng 
Polidu  Vimiikei,  Claie-Lacquen,  Revivtn,  Ac.  By  RicKAKD  BiTHUD, 
Autbarof"TheCatin«-Uak<^iGuIde."    Small  crown  Bra,  doth       .    1/B 


,1.;,  Google 


38         CBOSBY  LOCKWOOD   &■  SONS  CATALOGUE. 
WATCH    REPAIRINQ,   CLEANINQ,   AND  ADJU^TINQ. 

A  Pncliul  Handbook  <tulin(  with  Ihe  MitEmls  and  Tools  Used,  tuid  ihc 
Melhoelt  of  RcpiiTini,  Osiniiig.  AlterLns,  ind  AdjuiiinE  ill  kindi  of  Engli^ 
nnri  Foreign  Watchfl.  Rtpenten,  Chronographs  and  fiaiine  Chronometat. 
By  F,  J.  G*B**I1D,  Springer  and  Adjuster  of  Marine  ChTonomeierj  and  Deek 
Watches  foi  [he  Admirally.  Willi  over  aoo  Illustrations.  Cro.n  Svo,  clolh. 
[/■rf  PMilijAfi.    Iffl  4/8 

MODERN   HOROtXKIY,   IN  THEORY   AND   PRACTICE. 

Tiaulated  Eton  the  French  of  CLAUDitis  Sauhiu,  ai-IMreooc  of  the  Sdiocl 
of  HoroltiST  U  Macon,  br  jui-iu  TairPUH,  F.ILA.S^  Beiancon  Watcb 
UumfacliirB,  and  Edwaw  Rise,  M.A.,Aiar«>n  Ibe  RoTi]  Mint.  Wkb 
SevcDIT-agbc  Woodcnu  UDd  Tmntr-liro  Coloured  Oqipei  PkML  SuMiid 
Edition.    Saper^oyal  Bud,  AS  Si.  doth ;  balfdlf  .  .    SS  IDs, 

\t  halka  Bwd ai  -  f  ''11  f  i  tin  ■iniCl  aeil 

THE  WATCH  ADJUSTER'S  MANUAL. 

A  FraclLca]  Giude  for  the  Waich  atid  Chronometer  Adjoiter  lb  UaUng, 
Springing.  Timing  and  Adjuiling  for  Iiochianiim,  Poslllani  and  Tampentnm. 
ByCE-FiiTTa.     ?7o  pp.,  with  Illoilntioni,  gvo,  cloth    .  .    18/0 

THE  WATCHMAKER'S  HANDBOOK. 

Inlendfld  ai  a  Worluhop  Companion  for  thoH  engaged  in  WalcJimakiEig  md 
the  Allied  Mechanical  Art^  Translated  fram  the  French  al  Cladsici 
SaUHiii,  and  enlarged  by  JulJEt(  TltrpLIN.  F.R.A.S.,  and  eowAIID  RlGC, 
M.A.,  AssayttinlheRoyafMinl.    Third  Ediiinn.     Ci.  S>o,ckxh.      .    gftf 

HISTORY  OP  WATCHES  &  OTHER  TIMEKEEPBRS. 

Bf  JjtHis  F.KiNDAi,M.B.H.  Inst.    1/eboudi;  or  cloth,  gill        .    S/Q 

CLECTRO-PLATINQ  «  ELECTROREFI N INQ  op  METALS. 

vise/and  Largely  Hew.ilten  by  AnNOLD  PHiur,  R.Sc.,  A.I.E.E.,  Ptincyiai 
Aniuanl  lo  the  Admiralty  Cbeniit.  .  Large  Cnn>n  Bvo.  cloth.    ■    Nit  1 S/S 

ddub»d  fnirretl  to  everj  ^K':tjit-it^\iH\ajAtr—f,!titriiaI  Kfvitu:. 

deicrlpdrtis at  mtltnifa.  ptoceiwa aad imjgriM^  si  vtwllv  iwEwadaod Had  tadHwoitalH^''— 


h  EditLoi;,  ioclDding  tbe 


JEWELLER'S   ASSISTANT    IN    WORKINQ    IN   QOLD. 

A  Practical  Tttatiie  for  Masten  and  Workman,  Compilsd  from  the  Eiparienc* 
of  Thirty  Vean'  Workitaop  Practice.    By  Clones  E.  Gh.    Crown  Stq.  7f6 


BLBCTROPLATINQ. 

■ctical  Handbook  on  the  Depodtioo  d  Copper,  SHvei,  Nickel,  Gold, 
inion,  BniM,  Pluinnm,  Ac,  &c    By  J.  W.  UitquKAUT,  CK.  roortb 


),g,t,.,.d.i.COOC^Ic 


INDUSTRIAL  AND   USEFUL  ARTS. 


■  sn 


*,•  7;^  ahoH  two  workt  ttgilHtr,  itrongly  haiZ-bouml,  priet  U. 

SHEET  JHETAL  WORKER'S  INSTRUCTOR. 

CaaipriBiii  m  SeledioD  oT  GeomFtriai]  PtobLetiu  wd  Piaclicil  Rula  (en 
DocrilnnE  the  Vuioui  Puienu  Rinuired  by  Zinc,  Shecl-Inm,  Copper,  and 
■nn-PliuVotkcn.  By  Kiubsh  HEHitr  Warn,  Piiclisd  Tin-PliM  Wokcr. 
New  Edition,  Rnrdcd  wid  etouIv  Enluged  by  Joseph  G.  HoaHBn, 
A.M.I.M.E.     Crawa  Bvo,  9S4  pp.,  wilh  430  Iiruitruiou,  cloth  .     Tjg 

SAVOURIES   AND   SWEETS 

Suiuble  Tor  Luncheon!  ud  Dinnen.  B)-  Mw  M  L.  Allsh  (Uts.  A. 
Macaire),  Auilior  o(  "  Bmldiu  Diihet,"  Sc  Twenty-ninih  Edition.  F'cap 
Bvo.Mwed 1^6 

BREAKFAST    DISHES 

For  EvenrMoniinsolTbneMoc.th'.  By  Mis  At-LSN  (Mn  A.  Macaikb), 
AuibMOf  "SiLvoHiieiBiid  SwMis,"&e.  Twenty-MCond  Ediuon.  F'cipSio, 
•end Up 

BREAD    &    BISCUIT    BAKER'S    &   SUQAR-BOILER'S 

AULSTANT. 

Indudine  &  luge  Tuiety  of  Modem  Redoes.  With  Reuuiici  dd  du  Art  of 
Biewl-iiiiiking.  By  RoBEiT  Wills.  Thiid  Edition.  Ciown  Bvo    .       .    1^0 

PASTRYCOOK  ft  CONFECTIONER'S  QUIDB. 

For  Uotili,  Ruuuiuiu,  ind  the  Tcule  in  |SK»1,  iduied  nUo  lor  Funily 
Use  By  R.  Wells,  Author  of  "  Tha  Biead  Mnd  Biic^it&ket "  .  .  1/6 
*•  w«  ranwri  ipuh  1DD  tilEfalr  Df  ttdi  ihAv  ncvUnt  wDTfc.    Id  Hmh  dijrm  of  he 

ORNAMENTAL  CONFECTIONERY. 

A  Guide  fat  Bekert,  Confectunen  end  Pastrycooks ;  inclodinft 
Modem  RKiiM,  uid  Rcnuuki  on  D«m«iv- —"■-■-' "'-' 
Oiiiinel  Desinis.    By  Roseut  Wells.    Ciown  Svo,  clotD 

MODERN  FLOUR  CONFECTIONER. 

CoDtunini  ■  iuge  Collection  of  Redoei  forCheip  Cikei,  BiKidti,  &c.    With 
lenuik)  on  the  Ingredient!  Hied  in  dieic  Hinnbcture.     By  R,  Welu.     1/0 
wo**!*.-— A'"T»  «nIo*  Dall^SlL  "'"^  "*' 

RUBBER  HAND  STAMPS 

Aad  the  UuipaluiDB  of  Rabbet.  A  Pndical  Tieatiie  00  Ihe  Menuhaan  of 
ladiwubbat  Huh)  Stut.ft.Smwll  Anidei  of  Indiuubber,  The  HdtUcianb, 
Spedai  Inki,  Cemenu,  and  Allied  Subjects.  ^  T.  O'CoNOi  Sloahc,  A.M., 
Pb.D.    Wiib  numennu  IllnstralioDS.    Sqaanjvo,  ckMh.  .     S/Q 


),g,t,.,.d.i.COOC^Ic 
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HANDYB00K8  FOR  HANDICRAFTS. 

BV  PAUL  N.  HASLUCK. 
Bdkoc  al "  Work  "  (Miir  Scric),  AuibooT  "LiitM  Wcnk,"  "  lUUiai  lUAlam,"  ftc 
Crown  Ivo,  144  pp.,  price  a.  attdi- 
1^  TlwH  Hahdtboici  ibiM  tMi  mrtUm  U  tupfty  ta/onuMm  for  WouHn. 
SmDUm.  amd  Ahateuss  i»  Uu  intral  UamMenflt.  bh  IIu  actual  Pkacticx  tf 
Ml  WoKKSHOP,  mf  an  imtaaJdd  It  eommy  in  fMm  lanfuoft  Tichhioii.  Kmir. 
vwoatalUumfalCtArn.  la •Uieribmf Uu proaua rm^toytrf, aaJ llumamita 
laMea  a/  maUrial,  •mrkikap  Mnu  an  uii ;  morlultof  fraOia  U  fMf  upiaiati  ; 
mud  On  Uit  ii  frnly  iUaJraUd  with  liramimgt  0/  moitn  loaii,  atpUamtu.  mi 

METAL  TURNER'S  HANDVBOOK. 

A  F»ctic>]  Muu>]  fat  Workcn  u  ihi  roM-LJUU.    With  loo 


WOOD  TURNER'S  HANDVBOOIC. 

A  Pnctial  Muul  lor  Woiken  u  the  Luba.    With  at 


WATCH  JOBBER'S  HANDVBOOK. 

A  PncdcaJ  UuiuaJ  on  ClaAoioCr  Repftirinx,  And  AdJBJllii|.     WUb  opwHlla  of 

ino  lllu5Uiuicni .  jn 

PATTERN  MAKER'S  HANDVBOOK. 

A  Frainicil  Muiiul  DO  ibe  ConiUBCIioa  of  PUURU  (or  roaaOma.    Wjib 
opwudi  of  100  Illusradoni  '  " 


MECHANIC'S  WORKSHOP  HANDVBOOK. 

on  n^m>  Kt^atSt^faoata.    Wiih   I^kM^oui  ^'^inOBWHB 
H«En»iindit.    Conpriunc  abaui  wuSuhJacti ^JQ 

MODEL  ENGINEER'S  HANDVBOOK. 

A  Pnciicul  Uuiul  on  tha  ConuniclioD  of  Modal  Sie>bi   KnglHi.    With 
npmrtU  of  i«  llliulTHtiwu. \tQ 

CLOCK  JOBBER'S  HANDVBOOK. 

a  CUanioE,  Rtpiirinc,  and  A4|iiaiii|.    With  if 


CABINET  WORKER'S  HANDVBOOK. 

A   PrKlici]    Muiu]   on   iba    Took,    Uueiull,    AppliaiKat,    ud     Pincnait 
anployadin  Cabincl  Work.    With  opmrdi  of  ids  inoBiuioni  ,    I/O 

~t(i.  HiiAick'i  iliiiniiik-i^u  Inla  UvdjOiaok  to  niwir  Iba  il  [iiii  III  J  i^^i  ii 

WOODWORKER'S  HANDVBOOK. 

Embradni  Inroroiuiaa  od  the  Tooli,  HuorUk,  Appllioou  aod  Prnca»ai 
^Euplo^in  Woodworkinf.    With  lo*  IlluHrukiia.       '       -       '       -    1  fO 

*'Mr,  Hiiduck  vritai  admlnli^.  Kd  flTH  uopCita ' 

'^M'^Hjirittch  ccMl^M  tha  maitiaci  ^'  ■  —— i^- 

-l^fal  u  ww^inj^SFapii  iiid^iM  ofini 

U,g,t,.,.d.i.COOC^IC 


COMMBRCE,  COONTlSe-HOOSB  WORK,  TABLES,  < 


COMMERCE,     COUNTING-HOUSE     WORK, 
TABLES,    ETC. 


1.B550N5  IN  COMMERCE. 

BrPnitiKOT  R.  Oak mAU,  of  Ibe  RojtS  High  CsouarcU  School  M  Oma. 
IdlMd  imd  Rciuad  by  Iahu  Gault,  PnABocof  Coma«caiiiid  CoonHnW 
LawiBSIn|'iColl*fe.LaadoB.    Fouith  Edllkin.    Ciem  gro,  docli     .  S/fl 


THE  FORBION  COMMERCIAL  CORRESPONDENT. 


FACTORY  ACCOUNTS:  ttaeir  PRINCIPLES  ft  PRACTICE. 

A  Hudbook  tor  Accoaatimtt  And  Mvmfiictarin,  vitb  Appaodlcv  oa  ihi 
NaauBclAnm  of  Uidiuii  Deuib;  ihs  Inams  Tu  Acu;  the  Raubc  of 
~         '  [be  Faclocy  And  Workdioii  AcB,  «&, 

.. ■  bim  Dumber  of  Spamcn  RuUnn. 

BrKifiLaGAiKnAndJ.H.  Fill*.    Fifth  lEdliiai,  RErued  at'  "-■ ■ 


;  tbt  Faclocy  And  Worji^oii  Ai 
Unrnj  ivo,  cJoih      .        ' '.        .        .       .       7/B 


MODERN  METROLOaV. 

A  UmhuaI  of  Uh  UAUicAl  Uiutl  Aiul  Snuw  <d  Iba  inHil  Csmry.  Witll 

ui  AppcDdix  contAuuDf  A  pnjpoAcd  Edcliifa  SyHtoL      Bt  Lowu  D.   A. 

Jackmh,  a.  M.  Idm.  C  K.,  AaihoT  of  "  dd  to  Sumy  PrAcdo,"  Ac  LAtn 

OOwnB»,dMfa 13/B 


A  SERIE5  OP  METRIC  TABLB5. 

In  wbich  ibc  BiitUi 


CE.    B«D,clc 


BiitUi  SuodArd  Hnnm  And  Wilihti  m  EompArcd  wiiA  ttioH 
Stsba  At  pnHni  in  Uh  en  lb*  ContinsnC.  By  C.  H.  Dowuho, 

i«k 10/6 


IRON  AND  METAL  TRADES'   COMPANION. 

Foe  KMpeditinuly  AicxnAinin|  tbn  VaIoa  e(  Any  Goodi  boB^l  et  mU  by 
Weifbt,  ftona  ij,  per  cwL  to  has.  p«t  cvt.,  And  frvn  oda  fvtbinc  pv  poond  10 
OH  ifaillini  pot  pound.     By  Thouai  Oawmm.    Strongly  bauod  in  IaaiIhc, 

^Nfipp ,      ■       ■        ■        ■    *'" 

"  Akhonik  ipKlill*  idApw]  la  tha  Iida  ind  iB«d  twhA  Bi'tSilB  ■«  )>■  bBd  laiU  Ia 
•myMbH  liiiimn  ka^Uch Iiii  »ii  It  ha«U  sd  kU  br  iJtAt.'    «JB1^  JWfw. 

U,g,t,.,.d.i.COOC^Ic 


csosar  lockwood  «■  sons  catalogue. 


Coaainiac  Dwardt  of  ijOtWO  Seuintv  CvlcnlatHCH,  jbovini  & 
VmIh  U  4h  DiSami  KuB,  nnfini  ham  ^^  at  ■  Pcmi^  u  lo 

cwL,  ud  jCki  pa  un,  of  any  tiDBiba  of  ulic^  coohchutcIti   --     .., - 

Adf  Dumber  of  cwtL,  qn.,  ud  Ibt.,  hoai  1  cwt.  t0  47DrtrU.  Any  bombs  of 
tOU,    CWtL,  qn.,  Uld  IbL,  hwd    I    to  1,«0  tOQL      By  WiLUAM  Chadwick, 

Pablic  AcaxDlut.  Thiid  Edilioa,  Rciued  ud  Improved.  Bvo,  nrcnflr 
bound  . 1»0 

THE  WEIGHT  CALCULATOR. 

BeiukSBlMof  Tsbls  upon  >  Newuul  CaiiiprAailn  PUn.  eMbOiibi  M 
OM  Refenu  lb*  end  Vilue  of  iny  We[[hl  from  i  lb.  lo  i;  tcu.  U  jn> 
Pninnive  Rkia,  from  i^.  lo  jMr.  per  cwt-,  And  r«*f*iiMwj  iWjOoa  Dtma 
Annnn,  which,  with  tbeir  Combinatioiu,  conuHlnt  of  ■  linEle  iiddidini 
liDostly  to  b«  pcrfoTmfid  at  liftht),  wJU  luffbcd  as  isKr^ut  of  ic>,a6A,aDo 
Aniwon ;  tba  ^lok  bdng  calcuuted  mad  detigDtd  to  mmn  cofroctoM  aad 
proatMC  dapitdL  By  Hinit  Haiuh,  Accnunutit.  Sxlh  BdidoB.aicftill* 
Comaod.   ItoymltvcBfonEtyhkir-boaod.  Utitt  PmUitlud.    A1  S*. 

THE  DISCOUNT  QUIDS. 

Contninng  leveTil  Serin  of  Tables  for  the  TJh  of  Uerchuti,  Uenofictiinn, 
IrDomoDien,  and  Othsi,  by  which  maybe  aaceitaiDOd  (be  Exact  Profit  afiilBC 
fton  any  mode  of  luini  OiicouDti,  otbu  in  tbe  Purehuo  or  Sale  of  Goodi,  and 
Ok  melhixl  of  either  Altering  a  Rale  of  Ditcoast,  oc  Advancing  a  Price,  ■>  aa 
to  pEodoce,  by  ddc  aperalLoa,  ■  nuD  that  will  reaJiae  any  required  Prnfil  afktt 
allowing  one  or  sore  DiKounu  :   lo  which  an  added  TaUu  of  Profit  oi 

and  TMttS  Onniniu^,  ftc.,'ftD^  Tto  lo  per  cent.  By'HENav  ^anii 
Accountant.     New  Edition,  Conecled,     Demy  Svo,  half^boond       .     £1    Si. 

■KinltiadHa'— AWi*  TVa^ynnHl.       " 

TABLE5  OP  WAQES. 

5D  and  4B  UoDrt  per  Week.     Showing  the  AntooDU  of  Wues  ftom 

or  of  BD  boor  to  Sixcy-fovr  boun,  in  ew^  cue  at  Raiei  of  Wagei 

■     "      "'  '■'"  g  fcom  4J.  to  sji.  per  "eeh.     By  Thos.  CAaau'rr, 

m  Sm,  half-bouod 6/0 


advancing  by  One  Shilling  (torn  41.  to  jji.  per  week.     By  Thos.  Cai 


IRON-PLATB  WEIQHT  TABLES. 

For   Iron   SbiphuiUen,  Eoginecn,  and    Im 

Calsulaied  Weihtl  ;rf  npwardi  of  isii,ood  difi 

I  fool  by  6  in.  by  1  in.  to  10  feet  by  <  Itel  by  i  in.  Worked  out  on  Ihe  B~u  « 
10  Ibt.  10  the  aquara  foot  of  Iron  of  i  indi  in  ihickneiL  By  H.  Bdiuhor 
and  W.  H.  SiunoH.    4U,  balf.botind Ct  Sk 


D,g,t,.,.d.i.  Google 


AGRICULTORB,  FASHING.  GARDBHISG,  ««.  43 

AGRICULTURE,     FARMING, 
GARDENING,  ETC. 
"niE    COMPLETE    QRAZIER    AND     FARMER'S    AND 

CATTLE  BREHDBR'S  ASSISTANT. 
A  Cooipadiaiii  of  HuibudiT.    Otiiindly  Writua  b*  Wiluah  Yodatt. 

FoqrEWfillk  Edidoa,  CDliiely  Re-writtsn,  atasAeniHy  KoluEvd,  vid  brought 
-       ■  ■      —  "  "     I,  I.[_D.,  A™«»ii1  Cfflo- 


FARM  LIVE  5T0CK  OF  GREAT  BRITAIN. 

F.R.3.E.,  &c,  PraTesur  aC  Acticaltm  ud 

.  .<  ^i:^L. — i.     •m-.-j  Hdilioo,  Iba "■'- 

D   PhoEolypa  Dl 


NOTE-BOOK  OF  AGRICULTURAL  PACTS  *  FIGURES 

FOR  FARMERS  AND  FARM  STUDENTS, 

■  McCoHHUx,  B.Sc,  FsUow  of  the  Highland  ud  Agrlcoltiml 

-    ■  an 


THE   ELEMENTS  OF  AGRICULTURAL  GEOLOGY. 

A  Scicntilic  Aid  la  PikClksI  Fanning.    By  PstuiDSK  McCoHHILL.     Anthot  01 
"Now-boDkof  AgricaltanlFicuuid  ngurei,"&c    Koj'il  Svo,  elolh. 


),g,t,.,.d.i.COOC^IC 


44        CBOSBY  LOCKWOOD  «-  SOS'S  CATALOGUE. 
BRITISH  DAIRYINQ. 

A  Hud*  VoluHin  (k*  Wotfc  of  tb*  Dubr-ran 

InnnKtHn  OmH,  Stsdaui  hi  AnKDlinn]  CoT.^ 

FminHT.    B*  Prof.  J.  P.  SsBLBOH.     With  lUniiruioi 
Rs*iMd.    Ctim  %i 


■]  Hndbook  oa  ihait  PnjpBlia  ind  Iki  IhncmM  of  tbafc  Vtaiv^ 
■1  Cniin  mi  iht  Maibodi  of  'at  Snanikn  fa 
~ ~        a  Tiiixj  InMiM 


SYSTEMATIC  SMALL  FARMING. 

Or,  Tin  Lmaet  of  Uj  Firm.  Beisi  u  Ii 
PiKiin  for  Siull  Fanoan.  By  R-  Scott  B 
llod«  Foniiaa,'  Ac.    Crown  (vo,  doih. 


0UTLINB5  OP  MODERN  PARMINO. 

B)f  R.  Scott  Bciii.  Soik,  Uuinm,  ud  Cni|»— Fuoiof  ud  Fualaa 
BcoDooiT— Cutk,  Stieep,  ud  Hcnu— UimcaiiHiil  of  Dbdt,  Kft,  add 
PoolliT— Utllimikiocf  Town.Sonfg.  ImiuioD,&c  Sixtb BdutoD.  IoOm 
VoL,  i.iga  pp.,  hilf-boQDd,  pcofuKlr  Il'mud   .  .       .    120 

FARM  ENaiNEBRINQ,  Tke  COMPLETE  TEXT-BOOK  Ot 

Compruiiig  Dnininjr  and  Emliwikini  f  ImsHliciii  and  Watat  SomlT ;  FarB 
Roadij  Foocu  and  Gata  i  Fajro  BuLEdion;  Baro  Implcmentiaiid  Machiim; 
Fisld  ImpleiDcnu  and  Uachiaa  ;  AcTKsItunl  SomvuiE,  tc  Bt  Prnftiw 
JoHi  Scott.    la  Om  Vol.,  i.iy.  pp.,  half-boazid,  wilh  ow  <oo  IUu> 


1SJO 


THE  FIELDS  OP  GREAT  BRITAIN. 

A  Tcac-Book  of  Airkultim.  Adapiid  to  ths  Syllabni  of  tha  Sdsaai  aad 
Art  DcjiariinKit.  For  EleiiMiiiair  and  Advascad  Sludaou.  Bt  HiNni 
CLUiaiiTi  (Board  of  Ttadc).  Socond  Kditioo,  Rowd,  with  Addiinm. 
itma,clo(b a/S 

TABLES  ud  MEMORANDA  tor  FARMERS,  QRAZIBRS, 

AORICULTURAL  STi;DENT.5,  5URVBVOtt9,  LAND  AOBNTS, 

AUCTIONBBRA.  &c 
Wiib  a  New  Sraem  of  Fans  Book-ltHptDB.    By  Stdhkt  FaxHcti.    nUi 
Edlllon.     ijm  pp.,  WUBCoai-pockd  liaa,  li^p  LcuW       .        .         .         .     i;S 

Bl  bcB  MTcSnilirtoiii  alikk  'kii  HMbSSn.  Id  •uctbaadr  icina.  bmm 

naAB  »•  Hia  kra  b  dHlt  wMi.    Tba  woikianba  lakan  u  dunnalihac .. 

—  ' ' — ■  ■-  "-  = — ^^  ■• "-" ■  tL'—Btai  ifittfr 

THE      ROTHAMSTED     EXPERIMENTS     AND    THBIR 

PRACTICAL  LB5MNA  FOR  PARMBR5. 

Pan  I.  Stock.    Pwt  II.  Ctort.    By  C.  J.  S.  Timit.    Crown  tm,  doth. 


i^iCooc^lc 


AGRICOLTDRB,  FARMING.  GARDBNINC.  «<.         43 
FERTIM5ER5    AND    PEBDINQ    5TUPPS, 

BuKHliisbni.  D.ScCLwl.).    With  the  Tul  of  tb*  FtftiliKii  uid  Fasdiaf 
Stun*  Acl  of  1S93,  Tbc  Rtgalilioni  ind  FDimiorihi  Boud  of  AKricnlttin, 


BEBS   FOR  PLBAAURG  AND  PROFIT. 


eOOK-KEEPINQ  tor  FARMERS  and  ESTATE  OWNERS. 

A  Pnciii:*!  Tieadie,  onnEisE,  in  Tbnt  Pluu,  ■  Snaii  ■dutad  fcr  (D 
Clioe*  of  Fum*.  Br  Johhsok  U.  Woodkak,  Ctuiiund  AccaaBlut. 
Foonb  Kdiiioa.   Crown  ■«,  dolb.  C/w'  PiMhhU.    SfS 


WOODMAN'S  YEARLY  FARM  ACCOUNT  BOOK. 

Ovrnt  Wseklr  Labaur  Aeconni  buI  I>Hr7,  ind  ibowinc  tb*  Incoik*  and 
Expcnditaxfl  tubdcf  «acb  DtpartmcDt  of  Crai*,  Liv«  Stodif  Durr,  Aci  &c. 
WiOi  Vntouioo,  Pni£l  and  Lau  Acceant,  uhI  Siluca  Sbs«  u  iba  Bod  ol  Iha 
y<u.  B*  JoHHWH  M.  WooDHAH,  OiBHnd  AccoBHut.  SkobA  Edllha. 
ralio,  h^r-bonid ITtt  T/S 

THE   PORCINQ  OARDEN. 

Oi,  How  u  Grow  Ruhr  Fruili,  rkwai  ud  Vsgiublo.  With  Plant  wl 
Kitimata  bx  Bnildinf  Gluibouisi,  Pin  and  Fruau.  Wilb  lUuttaHan*. 
Bf  Sahuu,  Wood.    Ciown  In,  dotli    .  


A  PLAIN  aUIDE  TO  GOOD  OARDBNINO. 

ov  Vcceubla,  Fniiu,  uid  FlowBi.    B 

ooBdinbli  AdditisnM,  and  annmiu  lUintniticai.     Croini 


Oi^How  to  GiDV  Vcceublaa,  Frniu,  aod  Flonnn.    BirS.Wc»D.    Fcxnfa 


l>o,clatb 


MULTUM-IN-PARVO  QARDENINQ. 

Or,  How  to  Ualn  Ooa  Acn  of  Land  [Kodiic*  j£6»  ■  tw,  by  tba  Cultimloa 
oC  FrniB  aDd  Venubla ;  aiw,  Hew  id  Grow  FIowbi  in  Tbrta  GlaH  Hounh 
io  ai  to  mliaa  AijA  par  annrni  cles  Profil.  B;  Sakdel  Wood,  Aubiir  of 
" Good  Oardaniiic,   ftc    Siitb  Kditioo,  Crown  Bvo,  Hwed     ■  .    IfQ 

THS  LADIES'  MULTUM-IN-PARVO  FLOWER  OARDEN. 

And  AmaUDT'i  Complcu  Gaida.    B7  S.  Wood.    Ciovn  tn,  doth       .    316 

POTATOES:  HOW  TO  QROW  AND  SHOW  THEM. 

A  Pnctkxl  Gnid*  to  tba  Cullintion  aad  Gam]  TiaaUaoit  of  tba  Potato. 
ByJ.  Fiin.    Crown  Iro 2/0 

MARKET  AND  KITCHEN  OARDENINO. 

BrCW.SHAW,  UMBditaror"Gan]cniiis  lUaiamted. '    Cijwn  Bti,  dotli. 


i^iCoOc^i* 


CROSBT  LOCKWOOD  «•  SOS'S  CATALOGUS. 


AUCTIONEERING,    VALUINO,    LAND 
SURVEYING,  ESTATE  AGENCY,  ^TC. 


mth  Lunnlhini  ol  Nmtbrtl  Numbfii  ud  THOMUI'ft 
id  Annuiy  Trnbld.    jfio  kl,  Otaj  tn.  ckxh. 

'  -It  /•kNhJM.    Ktl  SO 


THB   APPRAISER,   AIJCTI0N8BR,    BROKER,     H0U3B 

AND  asTATB  AQBNT  A^D  VALUER'S  POCKET  AAAUTANT. 

For  Uhc  VjOomioq  lor  PurchuB,  Snic,  or  RcdowkI  of  Lcaaaa,  AuDiliu,  kod 
Romikni,  uhI  o(  Propolj  (oimJlj ;  with  Priea  kx  iDKUiirici,  ftc  By 
JoKH  Whhui,  Valatr,  as.  Sinh  Editioa,  Rt-wriiua  ind  ■»■%  Kimded 
brC.  Nonui.    RsTsI  JHUS  cloth    .  

IS  i^Htftj  ofnriJ  Hid  ua; .— —  , . 

AUCTIONEERS:  THEIR  DUTIES  AND  LIABILITIES. 

id  Conniel  Idc  (tn  Vomit  AnctiansK.     By  RoisIT 
._.„.-.r._    ■...^...     »>  -1,  !„,  cloth    .     ia/s 


THB  AQRICULTURAL  VALUER'5  Afl5l5TANT. 

A    Pnclia]    Hindbook   do  Lha  Vuluuion    oT  LwkM   Kbuh  ;  IndiidiBC 


"'Loc*!  Apic""'"""" 


—ling  «  DilCBl  of 

fivo,  dotli  .  Iftt  6^ 


POLE  PLANTATIONS  AND  UNDERWOOD5. 


PnciicBl  Hindbook  on  Esimuing  iba  CoH  of  Fomunc  Ittomuiiii, 
-..jpronnc,  ud  Grabbing  Plunuiont  iind  Undannodi,  thdi  Vilnuim  for 
PurpoKi  of  Tniufa,  Ruul,  Sil>  01  Anouisai.    B7  Toil  Bkcitt.    Ctovb 


i^iCooc^lc 


A  OCTIONBSRISa,  VALUING.  LAND  SOSVEYISG.  **.   47 
AGRICULTURAL  SURVEYOR  AND  ESTATE  AOEPn'S 

HANDBOOK, 
or  Pmcticia  Rnldi  Fannula.  TabiM,  ud  Dua.  A  Com[»tlKiuiv«  Minu) 
Tor  the  Uh  oT  Sorvcron,  AgitDtl,  Ludomism,  and  olhcri  intvHted  [q  tbt 
XquipuKnl,  Ibe  MwucniMni,  or  tb*  V>lDalion  of  L^ndsil  Enim.  Bt 
ToK  BmGHT,  AgriculiDia]  Suivtyor  and  ViLuv,  Author  of  "The  Afn- 
ollanJ  VllDCt'l  AKUUOt,"  &c.     with  UliuDxliaiu.      Fap.  Svd,  Lnthv. 

Vrt  7/6 


Eitiuo.    WithT . , 

Acra  to   Stuuu    Ueuure    &c.    By    R.    Hun 


THE  LAND  IMPROVER'S  POCKET-BOOK. 

Coopriiiuc  Focmiila,  Ttbiet,  ud  Mem 


.  10  Ibe  Pa 

SDrrvyor.    Second  Ediii 


^es,  iDd  UeDkcraoda  nqoired  in  uty  CompnuCiail 
Improymieiu  of  landed  Property.  Br  Johh  Ewabt, 
n,  Rcvuad.    Rcynl  jviWi  obLonB,  ItatDv       ■    4/0 

THE    LAND   VALUER'S    COMPLETE    POCKET-BOOK, 

BciDg  Ibc  ibon  Tvo  Worlu  boond  losubai.     Laubir  .       .       .       ,    7/S 

HANDBOOK  OP  HOUSE  PROPERTY. 

A  Popular  uid  Pncticn]  Gnid>  !□  tbm  Purchue,  ToHIOCT,  ud  Con- 
pcdKry  Sale  of  Hooks  and  l^nd.  mcluding  DLIapidatiou  and  Plirlitna: 
with  Exampla  of  a])  kinds  orValuatiooi,  Inloniiftiaa  on  BDildJn|and  on  Iht 
right  u»  of  Dtcmtivt  An.  Br  £.  L.  Tauuck,  Atdiitod  and  Sumya. 
Suitb  Edition.     Taio,ck>tli HO 


[h>iiildiHM%  aatJ^  Da  Flaa 


LAW  AND  MISCELLANEOUS. 
MODERN  JOURNALISM. 

A  Handbook  of  Instmciion  and  f^^"..*"!  for  lbs  Yonng  JoomaiiA.  By  Jdhm 
B.  MxcKiH,  Fellov  of  tba  Inuilatc  of  JotunaliiU,    Ctawn  Svo,  dotb    .    2/0 

HANDBOOK  FOR  SOLICITORS  AND  ENQINBERS 

Engaged  in  Promolini;  PriTate  Acta  of  ParlUinent  i&id  Froviiioaal  Oiden  (a 
Ibe  Autboriiation  of  Railwaya,  Ttamwayi,  Gai  and  Wajet  Woikt,  Blc- 
By  L.  L.  MacAssiT,  of  lb*  Middle  Temple,  Barriiter-U-Lao,  M.I.C-E. ' 
■vD,do(b £-|  Si. 

PATENTS  lor  INVENTIONS,  HOW  to  PROCURE  THEM. 

Compiled  for  the  U(e  of  Jnvenioia.  Palenteei  and  oCberm.  Bf  G.  G-  M. 
Hardihsiuii,  Assdo,  Mem.  loit.  CE.,  &c    Demy  Svo,  dolb  .1/6 

CONCILIATION  ft  ARBITRATION  Id  LABOUR  DISPUTES. 

A  Hiicorical  SIcetcb  and  Briaf  Sutemeni  of  the  Pieienl  Poaition  of  the 
Q[»tion  at   Home  and    A.l,[o»d.     Bj   )■   S.   Jeab!.     CnJ-t.    8TO,    •"  ^■. 


),g,t,..dDi.COOC^IC 


4»         CROSBY  LOCKWOOD  «•  SOU'S  CATALOGUS. 
eVERV  MAN'S  OWN  LAWYER. 

A  Hudr-Boak  of  xbt  PtiocMa  of  Uw  ud  Sqaitr-  With  ■  Coodic 
DictinMiy  of  Lecil  Tcnu.  8f  A  Butnum.  Fotr-fint  Editioii,  out- 
(vlly  Rvnttd.  JU>d  compnung  Now  Act*  of  Fju-Uament,  iiKlading  Lhc  Uotor 
Cor  Act.  lon^:  EmiloymtHl  at  Childnm  Act.  loo];  PisMs  Act,  1003:  Pour 
I'nvKvtfbitcnci  Act,i^3;  Edncatiim  Acli  of  ,aa  Mid  1^03;  Huuimg  0/ 
Iki  WorlciHf  Claaii  Act.  loiij.  Sc.  Judicial  Diciamu  pminunud  dmi  iclbe 
vekr  have  Hjia  bnn  duly  aoled-     CrovD  Svo,  S'»  pp.,  nttmaly  bound  in  doth. 

ju3  PMiiMtd.  aia 


Mummr  hrm  *r  ^Jurt  tt  asfijifir  rtdntii  mmd  hhr*  frrrtfv  **wf -  -' — -•  -' 

ma  wttldtili  imKmj  ■»  nSlifafc/     raj  •••*  It^taMukJauli 
atttitrtfrlltlMnv  — '  ' -■ ^  -  "- 


A  dlctlonHy  ollttBl  fvu  ' 


c  L>w  of  ConiTKU  f«  Worici  mud  Service*.  By 
riHHDH.  r  omul  Adiliofit  with  Appeodu  of  SuimcA  bj  T.F.  Uttlkv, 
.    rem.  Bra,  dedi S/O 


i^iCooc^lc 


S  SCIENTIFIC  AND  TBCHNICAI.  E 


TnmanuMam, 

■      —  im  of  Wind  CurTBiB,  fbrlhc  Um  of 


Btfiancn.     By  Ckailei  Tohlihhn,  F.R.S,     Feunh  Editiaa 

"     ~        ■■  ■        -     -       pY.ylnJ. 

ByT.  Ba>:iii.CE.    NinMnnth  Edilion, 


~      "mdnuiuid  PiMiieJU!      " 


Rcvucd  jmd  EiiuKlcd  by  F.  E.  Dixon  A.M.  lux.  C.Z., 


due  of  Ilu  InililutiDn  nf  Sui 
Ulhognpliic  Pbtq 


it™  s<^_ti  ud  p™3i™i  u«»._  Wit 


.  .. „.  Pnsinl  Uh.    With  Itic  MsoHntioo  and  t,nslGn|  oi 

Land  for  tba  pnrpoiH  of  Modarn  EnfiDecniii.    By  T.  Biiiaii,  CB.     New 


MINING    AND    METALLURGY. 


Mlnlntf  OaJoolaittana, 

F«  the  DH     ~   ~ 


of  SiudEiiti  PKpuriDi  r«  tht  Eiuaiutlou  far  Collkrr 
nimrnAvK  \^crtificUH,  CQinpnainff  numerous  Ralca  *ad  Ertmptct  in 
Arithmtdc,  AlgEbn,  and  MEusurUiaii.  Bt  T.  A.  O'Doh&kui,  M.E.. 
Fim-CIJuiCenlliatHlCamcry  Muuucr. 3/6 

MinvnOotfy, 

RudiiiKDU  of.    Br  A.  Rtiu*«,  P.aS.    FcniRh  Edillon.  RTiud   and 
nJugtd.     Woodcan  ind  PJuu 3/6 

Coal  and  Goal  Mining, 

A  KudimEounr  Troiiw  on.     By  ibe  Uu  Sir  WAttDOTOii  W.SiirTH. 

F.R.S.     Eighib  Edition,  reviudSyT.  FbiiTEH  Brown  .  .    3/8' 

>I«tallai^  of  Iron. 

Caauuiini  Uathodi  of  AMy,  Ai»I«b  et  Iran  Oiu,  PrcH»H<  ef  Muu- 
future  orlrcii  uKl  5t«l,  Ac     By  H.  Bauekhah,  F.G.S.     Wnh  nunwreui 


_SiiIbE>li'>iaii,  revusd  imd  anlnrsiJ     . 

id  VaJvvr'a  Ct 

litioo^  vilh  an  Appendiroc 


Tho  Hlnaral  Sunrnor  and  Valnvr'a  Compl*t«  Onlda. 

"     "'    '---»»N.     ronrth"''  ..... 


Angular  Surveyinj 

Slato  and  Blato  Quarrying: 

Scimtllic,  Pnciiaf;  (od  Commciciil.  By  D.  C  Davib.^^,  F.O.S.  Witb 
DUiDETOut  lllmuatiani  and  Foldini  Plalo.     FnnRk  Edilinn      .         .     3/0 

A.  Flrat  Book  of  Mining  and  Quanying, 

Wiih  the  Sricncaa  conixctEd  ihanrlih,  ibr  Primair  Schiuli  aad  Sclf-Tn- 
utucikKL     Bf  J.  H.  CoLLiHi,  F.as.    8«Dn<)  Ed  Irian     .  .1/6 

8)ibt«rran«oua  Surveying, 

With  and  wiihiml  ihc  Magnetic  Keedli.     ily  T.  Fskiici  and  T.  Bakkk, 

Mining   Tools!  ■        ■ 

Haniial  of.  By  William  MonitH*,  Lcclunr  on  Pnclical  Minini  at  iht 
BriHol  School  or  Mind 2/6 

Mining  Tool*,  Atla* 

Of  Engiaiinnta  IlliutnU  Iha  abon,  containing  ajiIUlutnuioni of  Minim 
Tool.,dra«iloScalt    4U .    4/6 

Phyaloal  Ooology, 

Partly  lued  on  Majir.Gao>l  Poitloch'i  "SudincBU  of  Ccolaay." 
"-RaWHTaTi,  A.US,,  *t     Woodcuw 2/0 

Ooology, 

iHd  on  Maior-Genml  Poitlocic'i  *' KadiaHnli.''    ByRii.rH. 
Tatx,  A.L.S.,  ftc    Woodcati 2/6 

il^y,  Physloal  and  Hlstorloal. 

CDaiailin^  of  *'  Phyiical  Gaelofy/'  irhich  ten  fonb  tb«  Lodinc  Priaelpla 
uf  (he  ScKncc;  and  ''HiMoncal  ('co^ocyi'  which  trCKtt  of  tnt  Mineral 
■nd  Orfairic  CondiiiorKodht  Eanh  al  aach  tuccenva  ew±.  By  Raipx 
TATfct'.C.S.        .        _ 4/6 


i^iCooc^lc 


4         WULE's  8C1ENT1P1C  AND  TECBKICAL  KEBIKS. 

o  MECHANICAL   ENGINEERING. 

By  JOHH   UuTOH,  iBHraoot  ip  EiwBHrinf  Dninpc,  Rural  Mini 


t&  Gnnvicfa.     Ei(faA  Ediim.    jn  Hua 

.alld,  I^nld,  and  CMmmoa*. 

Thar  AnaMi  ud  Valuiion.  tar  i)m  Uh  of  Chemiui  vkI  EnnnHn, 
tt  H.  j.  Philuh.  P.CS.,  loniKrlT  AikItuoI  ■»)  C«iiult1n(  Clxate 
uilHCruEutcmRailny.    Third  Edithn   .        .       .        :        .     2fO 

FimI,  It*  GombHstlui  ud  ■ooBOmy. 

CoailHiiig  t>(*D  Abridnmiof  "A  Tiwuh  « tb*  C«Bb»(k>D  oC  Con]  iml 


BrC  W.  WiuJAMI  A.I.C.E.    W«l._,„ 

■m  juummub*  D.  K.  Clauc,  U.Idk-CE.    Founti  Edkion         .    3M 

Th«  BoltowhMf'*  AMia^t 

In  Dnwinc,  T«mIu1>«,  wI  OloUlIiu  Boils  Wc>%.  (tc  Br  I.  Covn^ 
hbv,  Pnc^ol    BoilvulHr.     BdiMd  &  D.   K.   Claik,  CX.  .    2/0 

Th«  BWtUv-Makar'K  KMdy  H«akoB«F. 

Whli  Eiupla  of  PnctisI  Cvwctn  uhI  TospUlinE  for  tk*  Uh  of 
Pkun.  Smtln,  und  RinMm.     Br  Johh  CouiTHn.    EiliMd  W  D-  K. 

Cla»,W.1.CC.    FUlh  Edkion 4A> 

•,•  7-Ar  ^u<  Hh  WtHu  ■■  Oh  CWaw,  iai/-irMmd,  tMiiiltd  ••  Tn  BoiLn- 

Hikitu'i  RxAPT-RKKOHsa  AHB  AcaBTAHT."    Bj  J.  Covma*  uil 

D.K.CLAU.    /H»T/0- 

BtMUB   BoUan; 

TMr  CooHniclian  and  Maiunmcnl.    Bt  R.  AlHSTIOHC,  CE.    UhimiLnd 

1/e 

If  Biw  ftad  MMthlnary  MaiuttfMnMit. 

A  Guklo  10  Iha  AmiDninail  aiid  EcoBoaial  UuHnnail  Ot  UachiHrv. 
BtM.  FawiiB*i^Il.lBa.U.E. 2/6 

BtMUB  Knd  tlM  BtMun  ■ntflii*, 

StuioDuy  (Dd  Poittbk.  Bawu  ExUBUoa  o(  Ibi  Trcuk*  on  lb*  Stcu 
EnaiixafMi.  J.Skwbli.    B^  K.  Clam,  CE.    Faanh  Editiaa   3/8 

Th«  BtMUB  flnrin*, 

A  TmiiK  on  iIh  Uilhiiiiunl  TUo^s^  nib  iUI«*  did  Eiwiplv  (or 
PrKtiodMon.     BtT.  Bahui,  CK. IM 

TIm   StMun   Bb^um. 


Bv  C.  D.  DKHndn,  CB.  With  lun  Addilisn  Inuina  of  Ihi  Madam 
LocDBotiv*.  brD.  ICCuiK,  MlDiLCE 3/0 

ItoeomatlTft  Bngliw-DFiTliitf. 

APmclinl  Manual  for  EniiiiHninchuxoaf  LacoauMiTaEnFiKa  Br 
Michael  Rivhdmo.    EleTEnih  Edition.    31.  id. ;  dotb  bouda     .    4/S 

StatioiiaFv   Bnii^A-DrivlnC. 

A  I>racticaJ  Uamiai  far  Entiiwcn  in  chuic  of  Slatiomrr  Sncinea  Br 
Hkhail  RivHDLin.     Snsilh  Ediiion.    }a.  M  ;  dolb  boaidi        .    4n 

Th«  Bmithy  and  Fortf*. 

Includinf  the  Fairio'i  An  and  Coufa  SBilbinf.  Br  W.  J.  E.  CiAHit. 
Founh  Edition  2/B 

llod«n  Workahep  Frmotloa, 

Ai  uplivl  la  ManH,  Lud,  and  LoODniailva  Enginu,  Floalinc  Docki, 
Drvdan*  MacbliH,  Bridie*.  Ship-baildiBc,  Ac.  Br  J.  G.  Wiktoh. 
Pouth  Ediilon,  llluauatcd  •"" 


Coopriains  Mtalhirn.  Mouldiac,  CaUiBf,  Fotfiaf,  Tooli,  Woikihop 
Hacbinciy.  Mcdmioil  Hannlnlba,  Uanibcton  of  iha  SuaB  Eaim% 
fte.    BvFaAHcuCAHPiit,  C.^.  Third  Edition        ....    2/6 
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Foundrr,  and  BoilB.Yard.  Br  FaAHCii  CAHriR.  UE.  3/0 
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TocHhcd-Whed  Garini,  La«t  (ihI  Short  Drinu 
•-     ■■     ' t«,C.E,  Third  Ediiioo  2/0 


BuKl%  Angular  Forco,  ftc    By  Ji 

Ipon  and  Haat, 

Exhibilinf  Ih«  Prindplel  coocnrKd  in  tha  CotlKrvCflioa  of  Inn    B^jni, 
Piiiui,  ud  Giidtn.    ByJ.  AiHDUK,  CE. 2/6 

PpftotloaJ  Moohanlsm, 

And  Michioe  Toolt.     By  T.  Bakb>,  CE.    With  Rciiuriu  on  Took  ud 
Hichintry,  brJ.  Naihvts,  CE. 2/6 

■•ohMnliM : 

Beinr  ■  conciH  EnxsiiiDii  of  Ihc  GuEnl  Principles  of  M«c1u..ical  Sdaia, 
ud  their  Applklliou.     ByCHARLO  ToHLiNiUK,  F.K.S.        .         .      1/6 

CnuwB  (Th«  Oonatmaiioa  of). 

And  nha  Muchirwy  for  IU)w»  Hotj  Bodis  Iv  the  Enctioa  oT  BnUd- 
iD|>,ftc     By  JouptrGLTHH,  F.R.S. 1/6 


NAVIGATION,    SHIPBUILDING,    ETC. 
Th«  Bailor's  8o»  Booh: 

A  Rudimentuy  TnatiM  an  (Tavinlliiu.  By  Jaub  GtKtnmMO,  B.A. 
With  numeioiu  Woodcnu  and  C^4wd  PIUcL  New  >»d  oibind 
Edilion.     By  W.  H.  Rivun 2/6 

FvaoUoal  Havii(»Uoii. 

Conunins  of  Thk  Sailoit'i  Sea- Book,  by  Jam  b  CxKiHH'aoD  and  W.  K. 
RaHn  :  tonther  <nih  Uilhnuticil  and  Nulial  I'ablei  for  (he  Wvlunc 
of  the  ProblcEU,  Inr  Hurt  Law,  CE.,  ind  Prof.  J.  R.  Vouhq.     f/O 
HKVlgation  »nd  nantloal  Astronomr, 

1p  I'henT  >nd  Pnclice.     By  Prof.  J.  K.   VouHii.     New  Edition.     2/6 

M«,th«ma.Uoal  TablM, 

"     "  '  '   il,  uid  Nanlical  CaknUtiaiu  II      ■  -  ■  ' 


pnliic<r>  Tiimiiie  on  Lo(^thnii.  By  M.  Law,  CE.  Toctthir  wilh  ■ 
Seriei  of  Tablet  for  Navincion  and  Matuical  Auniiainy.  By  PmCamr  I. 
ILVouKC     NewEdi.ior '.      \       .4/6 

MMtlntf,  Mut-Making,  and  RiUlntf  of  Ship*. 

Alw  Tablei  of  Spai,,  kigiing,  Blocki;  Chain,  Win,  and  llamp  RopeL 
AcnlaliveutwyLlaH^YEUeli.     By  Ronrr  KirriHO,  (f.A.  .    iJB 

SaU«  and  Sait-Haklnf. 

tod  Hit  c 


fiib  Urauhiio 
LlPMHC.  tf.A. 


•  Cantn  of  EObtt  of  Ihc  Saili.     By  Rourr 


Marina  Rntflnoo  and  BtMun  Vuoala. 

By  R.  UUKAT,  CR.     Eighth  Edition,  ihar«i|hly  nTbad,  with  Addl- 
thiiuby  thiAiiliUTaiidbif  GioHiB  CAkLtaLB,  C^  .    4/6 

HaTal  Arohltaotnra ; 

An  Eapoiitian  of  Elementary  Principlei.     By  Jaml  Pbakb    .       .    3/6 

Ship*  for  Ooaan  and  Rivor  Borrioa, 

PrinciplM  of  ibe  Conunoioa  oC     By  Hakoh  A.  ScuiiitiirCLDr  .     f/Q 

JiUaa  of  Bnfravln^ 

To  llloiualeiheaboK.  Tweht  larjt  Mding  Plate*.  Royal  4ta,  doih    T/6 

Th«  Forms  of  Shlpa  and  Boat». 

By   W.   Blahd.       Tinlh    Edition,    wiih    BDneroiu     I'luMralisoa    a^ 
M-J*!" -  -        .     1/6 
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6        WKALE'S    scientific  and  TBCHNICAL  SIBIBS. 

ARCHITECTURE  AND   THE 

BUILDING  ARTS. 
CMWtnieUonftl  Imm  mat  8t««l  Work, 

Ai  appliad  10  Public.  Piivut,  ud  Doommic    ""'"Ire*     B*    Fiahui 
Campii..  C.E. 3/6 

Bnuaintf  Bstetoa : 

A  TrmJH  «■  tka  n»iiiinMiiil.  Salt,  PdrIuh,  ud  M*u(*iaHiI  of  Build- 
ini  tjiad.     Bj  f.  lliiTonx    TUrd  Ediiioa 2/0 

Th*  SoUbm  of  Bulldlntf : 

A>  BlunBiT  Tmiua  «  ths  PHnoples  of  Conuniclian.      Bt  K.  WnlD. 
■UH  Tain,  U.A.  Load.     FouRh  Ediiioa S/Q 

Th«  Art  of  BnUdiBtf : 

C*BualPriBdp<SDfCaiii<nictI«i,  Stnaalli,and  Vtmaftltunlt,  WoiUaf 
Dnoiop,  Spnfiadeu,  &c     Bf  Edwaiii  Dokhor,  M.R.LB.A.  .    2W 

A  Book  en  BnUdinK,  ^ 

Civil  ud  KccUnuikil.     Br  Sir  EmuiiD  Bkkbtt,  Q.C  (L«d  Cuh- 
THOin).    Sacond  Ediiioa 4/0 

DwoIUntf-HouMa  (Tho  BrooUon  of), 

IlluUiktad  b^a  Fa^tin  View,  Finns  and  SRiiom  of  a  PuroT  Vlllu,  with 
SpnfidUica,  Qnmiiitki,  ud  EuimucL  By  S.  H.  Biooiu,  ArdiitKt    2/S 

Cettmfo  BnUdiiitf. 

Br  C  Biuci  Aluw.    TwcUUi  Kdiiion,  with  Quptcr  sn  esnonk  Cot- 
UB«  to  AllotmEnu,  by  B.  E.  Al-UH,  C.E. 2K} 

Aaonatloa  In  Ralfttton  to  Arofaltoeturo  and  Bnlldlnf: 

Tlia  iMit  of  Sewd  u  ipBlied  Is  Ih*  Amoitoial  oT  Buildian.     By  Pro- 
bwrT.  RaOHKSHtTH.r.ILI.Bjl.     N>w  Edition,  Rniud   .         .      IfQ 


Tho  Rndlmanto  of  Fvaotloal  Bvlokla^rlntf. 

GoDcral  Prindploi  of  Brickbyiaf ;  Aich  Dnwing,  Culling,  and  Sotfiof ; 
Ptiiji^tt ;  Pa^S.  Tilbi,  ftt     By  Adah  Hakkokd.     WjTIi  61  Woodcau 


Tho  Art  of  PrftotloftI  Brloh  Onttlnf  and  Sotting. 

By  Adah  HjuiuoHD.     With  90  Enftntnagi      ,        .       .       .       . 


k  Piactia]  TrouiM.  aabodyinc  the  GumI  ud  UwlHr  Pliaeipln  «r 
Brkklayini,  CmiioE  ud  Settiii;  wiih  ihc  Annligrionptljio— uj  to  Roof 
rUing,*.:.     ByFTWALMM 1« 

Brloka  and  Tlloo. 

RudiaKamryTrouiMOBAoUuBrKtureDr;  conuining  u  Oatline  of  Ih* 
PriiKHpIo  of  Bricknukinf.  By  E.  DouoN,  M.R.I.B.A.  Addilisu  by 
C  ToHLiHioH,  F.R.S.     niutnud 3/0 

Tho  Pnuitioftl  Briok  wod  TUo  Book. 

CaDpririni:  Brili:  ahd  TiLi  Uakiho,  by  E.  Douoh,  U.Ikit.C.£.; 

Pncticil  BmcxuviHc,  by  A.  HAHHaNui  Rmcc-cu-t-riKa  ahd  Szttikq, 
by  A.  Hahmoho.    j^pp.  wiihiTo  I1o'U^u<»^  >«1I'-'><>™<1    ■        ■    6/0 

OarpontPT  Knd  Joinon — 

Thm  Elomibtaii*  PmiiaHJi  of  Cabni,..        , 

Sludud  WDrkofTHOiiAiTuiiocxji,CE.  Wilh  AddiuofiUdTUATm 
OH  JoiHuv,  by  E.  W.  Taih,  If.A.    Eifhth  Edition  .    3/8 

OArpontry  Mtd  Joinory— Atlao  *' 

Of  ]]  PUio  lo  nccampuy  ud  Illuitnu  tbc  fcrncwnc  beak.  Witk 
Daacrfptin  LtlleipriH.    4I0       .  6/0 
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Sbovinc  New  aiad  SimplB  Mdhndi.  By  Gwn.  Coe.i.ihci.  IhM  Bdiliaa, 
incladliicaTiiuTUBOH  Staiuuildiho.    Wiih  Plitu  .  TzH 

Gironljtf  Wevk  In  Carpontrj  »nd  Joinarr. 

A  Prmctia]  Tratixi  «  Ciicolir  Work  or  Sinili  and  IXmhli  Cunwan. 
Br  Gh»c*  CoLUNiu.    Third  EdIiiL,o 21% 

Roof  ORrpentF; : 

Pncibcal  L»»iu<nthcrran>iii|[ofWoodKoah.  For  tlw  Uk  oT  Wafc^ 
Caipesten.       By  Gio.  COLLIHU 2/0 

Th*  Coiutruatian  of  Boof*  of  Wood  and  Iron; 

DcduHil  chiefly  fiom  Ihc  Work!  dT  RobiKn,  Tr^dxakl,  ud  Hubw.  k 
E.  WvHDHAH  Tahh,  M.A..  Archiuct.     Foank  ISdiuOD  .  .     1W 

Th«  Joints  Mkd«  uid  Vaod  by  Balldwtw. 

By  Wniu.  J.  Chuutv,  Archiiau.    Widi  i«o  WoDdcuu  .    3n 

Shoring 

Aad  iu  ApiilicMwn :  A  Kindbook  for  [be  Uh  o(  Stndenu.  By  Gs«MM 
H.  BULCTCTi.    With  ji  IIJuilnilioiH 1f6 

Tbo    TlmtMr    Impartwr's,    Tim  bar    Marohant'*,    and 
Bnildor's  StKndaj4  Guide. 

By  R.  E.  ClAKDV 2/0 

Plnmtintf: 

A  TuLBook  to  (ba  Pnctke  oT  tha  An  or  Cnn  of  th*  Plimbar.  Wlk 
Chapun  nniD  HuBaa  Oninan  and  VantiUtieii.  By  Wii.  Patoh  Bvciuui. 
Ninth  Ediaon,  wilfa  si>  lUnniaaon 3W 

V«ntnation : 

A  TeM  Book  to  (ba  Prutica  o(  Ibt  An  of  Voalilalioi  BdildiD|L  By  W.  r. 
BuCHAii,  R.P.,  Aulhorof  "PhiBibiac'Ae.    With  170  Uhutruiaaa    3/0 

Th*  PnMttloaJ   Plnatarw: 

AConipendiuinorPlaliiaDdOmanienlalPUUaWiirk.   ByW.  Kbiu     2W 

HouM  PKlntlntf,  OnUnlntf,  Mu bllntf,  *  SUn  'Vritlatf. 

With  a  Cdutu  of  EJemenury  Cia^mr.  and  a  CollKtiati  of  T  II  fl  1  B  II  li|B 
By  Eixis  A.  DAnnuH.     Liibifa  EdSuon.    Catowl  IHaua   .        .    g/Q 
','   nU  aim,  «  cbi*  itmnii,  ilnntfy  ttMxJ,  Q/Q 

M.  Gnunnuhr  of  ColoorUitf, 

Applied  to  DscnraiiTa  FuDiinn  and  Iha  An>.  By  Gioige  Finji.  N«w 
Edition.  cnlaixKl,  by  Ellii  A,  Daviuhh.     With  Coloured  PliilH  .     3/0 

BlMUMitary  Daooratlon 

AiapilliKltoDwtlliniHuuaea,Sc    By  Jahb  W.  Faciv.   lUuuxMd     2/0 

PnMtio^  Honso  Daoonttlon. 

A  Gnida  to  tba  An  o)'  Omamanul  Painrini,  tba  AmonBient  of  Caloun  is 

AputmeBui,  apd  tha  PrindpLa  of  Dcconiiva  Dwin.  By  Jauvi  W,  FajCST 

2/B 
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Portland  Ownant  for   Usars. 
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Maaenry  uid  8t«n»-0iittlttg. 

TIk  Principle*  of  Mbkhik:  PrciJB.-u<iD  and  their  ^pBcui 
'    ByEDWAMi  Dkhsoh,  M.R-I.B.A. 2ia 

Arohas,  PIsfs,  Bnttrw—.  Ac: 

Eipcrimenul  l-^uyi  «i  the  Principle  of  CoDHnKlMu      By  W.  Blahil 

QoMttlttaa  and  HaaanrMnanta, 

In  Bricklii>-er>.-,  Mtwii',  Plulenn',  number^,  Purlen',  Puptitiucert'. 
Gildui',  Smilhi',  Cupenten'  ud  Jomen'  Work.    By  A.  C  Beaton.     |  /S 

Tlia  Oomplate  Maaaorar: 

SoUinc  Ibnh  lh«  Mauurcmenl  of  BnuiU,  GUu,  lliiiber  ud  Suae.  Bt  R. 
Hoin)H.    Sixth  Edition 4/0 

Oulda  te  Bupartolal  Haaaniwmant : 

Table!  calcalitHl  from  t  to  bd  inditt  in  loicth.  by  i  to  lot  incha  In 
breidlh.  Fur  Ihe  DH  of  Aichiteai,  Surveyan,  Eniimn,  Tistxc  M«- 
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An  IntmluctiDn  lathe  SdennorOnioi.  For  the  Uu  of  StudcDli  of  Ax^- 
umuie,  Enzincerini,  and  other  Applied  Sdenco.  By  E.  W.  Taik, 
M.A. 1/6 

Blnta  to  Tenntf  Arahitaota. 

By  Gaoti;!  WiiiHTWicic.  Archiieci.    Sixth  Edition,  rCTUed  and  ealataed 

byG.  Hl.«IMOKGuiU.AUBmArthil«t 3/6 

Ajohltactgga— Ofdara  i 

The  Ordan  and  their  .dthMic  PriadplaL    By  W.  H.  Lmx.    lUuoatgd. 
1/6 

Anhltaotnra— Stylaa : 

The  HlKary  amf  De«rip(ioa  of  the  Stylta  of  ArchlleclBre  of  Varioui 
Csnntiiei,  frsm  the  Eariieii  Period.     By  T.  Taloot  Biirv  .    2/0 

■.*  Oaiius  AMD  STTLa  or  Akhitbctuic,  »  Cm  ftU,  3/6- 

AFoUtaetua— Daalgn : 

The  PriiKiplai  of  Doi^n  in  ArchiWclure,  ai  deducible  rrom  Nalere  and 
ennpliiied^in  ihe  WmIb  of  Ihe  Greek  and  Gothic  An:hliecta.     By  Rsw. 

Lacv  GARnTT.  AnhiiKi.     Illuxnicd 2/S 

-.•   Til  (Amr  fnctdimf  Wtria  im  Om  lamdnmt  VtL,  hml/htilmi,  tntOhd 
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Farapaotlva  for  Ba^lnnaFa. 

By^«i.o«™Hi    '    .*"".'      .   '""™""'    .       "«"^    ,""?''2/0 

AFohltaotnral  Modallintf  In  Papav. 

ByT.A.  Rn:..Al.u«K.     wiHl  lUuMr^tion,,  enfiraved  hy  O,  JawiTT     1/6 

Olaaa  Stalnintf,  and  tha  Art  of  Painting  en  Olaaa. 

Froai  Ihe  Gimiio  of  Dr.  Geaiart  and  EtiAHUKL  Ottd  Paouasuc.  With 
■n  Appendii  on  The  Ait  ur  EnAHaLLiHC 2/6 

VttruTlaa~Tb«  Amhltaotura  of. 
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F.R.A.S.    WiihijPlalca B/0 
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INDUSTRIAL    AND    USEFUL    ARTS. 
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A  Guide  IS  Ihc  MniiufiKIaR  ■nd  ApplkaiioB  sT  AfgluifiiwHi.  Wilfa  900 
Rtdpouid  ranDulB.     Br  H.  C.  Stahdagb 2/0 

Clookk,  WktolMa,  and  B«lla  tor  Public  PuppoMS. 

A  RodimapUTT  TrutUc.  By  Edmund  Bkckett.  Loud  GiiiHTHOim, 
LLD..  X.a,  P.R.A.S.  Eictith  EdUioa,  m(h  new  LiM  of  Gmi  BclU  u3 
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It  Alhahpci  Watt.    Ttnlh  Edition         .     3/0 


_, ainc  ind  Rcfiniof ,  Kftamy  oT  Wuw,  Soldsn,  K— li, 

&£.,*£.     By  Gdhc*  E.  Gac   ^ib  Kditkn 3/0 

Tha  8ilnnmlth'«  Hajidbook, 

On  ih«  Hm  plui  » the  GoLiMKiTK's  Hanskwh.  Bv  G.  E.  Rir.  3/0 
V  7*t  /Mil  tnv  Wer*,,  im  Chu  Ahoimh  C«^  ,  JuffUtmHd,  7/0- 

Th«  HaU-MuUiiC  of   Jawallufy. 

Camixiiini  ui  ucounl  of  iJt  the  diOercnt  A«ir  Towiu  of  the  UniMd 
Kinidacn  1  with  the  Sunipi  md  Lawi  relidng  to  the  Studmrdi  ud  Hull 
MmrkiuEbtnriaiuAuyOIKce*.     By  Ginioii  E.  Gmm  .    3/0 

Franoh   Pallahtntf  ajid   BiiKin*Uiiitf. 

KuDCToui  Recipei  fur  UAkini  Politha,  Vunuhei,  &c     By  R.  Bitmbad. 

PnMtlMU  Orgajt  --■"■-- 

ByW.  K.  DicKso 

Gtmcb-Bolldintf: 

A  PmtkMl  TreuUe.   By  Jahd  W.  Bi 

Th*  dKbinat-HHkw'B  Gold* 

i'o  lh<  Entire  LonHmclion  of  CmbinM-Waric.      By  R.  BiTHUD        .     2/6 

Th«  BnMB  Fonndar'a  MutaaJ: 

loHnciiim  far  Hodelliag,  Puietn  Mukini,  ftc     By  W.  Guhau  .     2/0 

Th*  BhMt-MatKl  Workar's   Qnlda. 

For  Hiuraitht,  Coppcnmitht,  Zincworken,  &<L  By  W.  J.  B.  Cum.     1/6 

Sawlntf  MMthlnaFy: 

luConrtrocIion,  HucnrT,fta.     By  J.  W.  UiguKA^T,  CE.     .        .     2/0 

Om  Fitting: 

APnctiolHiTidbDak.     By  JoHH  Black.     Nn  Ediiioa  .     2/6 

CoBstraotlon  of  Door  Looks. 

I-n>niI1>eP>pnM>l  A.  C.  Hdbb^     ICdiied  by  C.  Tohmhsoh,  F.R.S.     2/6 

Tha    Modal    iiCMomotlva    Bntflnaav,    FIramRii,    and 
■ngtna-Boy. 

By  Michah.  RitrNOLDi 3/0 

Th*  Art  of  [.ottw  Palutliitf  m*da  Buy. 

By  J.  G.  Bauihoch.     With  ii  fuil-pAge  Enimvinit  d7  EuapJa  .     1  /e 

Tha  Art  of  Boot  Mid  ahoamMliiag. 

Uea<arxiti<n[,  LA«.fiui-.(,  Cutiini-out.OoiiiiE.Ac.    ByJ.  B.  Luio.    2/0> 

Maohftnleal  Dantlatry: 

ByCHAlI.E.I  HUNTKK.     Fwith  EdiiisQ 3/0 

Wood  BngVftvIi^: 

A  rncticAlinil  Euy  IntrodnctiooiotlMAn.     By  W.  N.  Bdoin.    .     1/6 

(jwrndrr  HMUtgamant. 

A  Handbvok  (iu  Um  in  Primta  and  Public  Lwindiin  .     2/0 
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AGRICULTURE.   GARDENING,   ETC. 

Draining  Mid  EnlMJikintf ; 

A  Fn>cli:il  TikiLh.     By  Pmf.  Jonn  Scott.    With  «a  llliumtisu     1/ 
briffttlon  Knd  ira.t*r  Supply : 

A  PriicdcB]  TRMti^a  on  WnLcr  McHdowa,  Sewce  IniEULoiitWarpuf,  ta 


Fkrm  BomU,  FwnoM,  and  0«t«a: 

A  PraclioJ  Tnuita  an  >hc  Rcodi,  TrannyL  ud  WuHrmTI  at 
Kum  ;  ths  Priddplu  dT  Kadoium ;  mud  tha  dilTucDE  kind*  of  f  <lli 
Cub,  ud  Stilei.     By  Prof.  JoM«  Scott     '"■■  --  "" '  -- 


ct  imcd  in  the  ThredtJn^ 


B&m  Implunanta  Knd  MaohlnM 


Field  Implamanta  Knd  HKohina* : 

Wilh  Pnndpl«  and  DmuIh  of  CoiutnKlioa  and  FoinuoC  Eicdlenca,  tUi 
Mmnaieniial.  &C.     By  Prui:  JoHH  ScDTT.     Wflh  ijS  llluMntioiu  .     2/0 

A^tonltuTKl  Snwayin^ 

rorVali 

1  Bn^lnMi'tiig. 

ByPrDfMwr  JoH«  S — ,^ _- „. 

Mso  pAfb,  ud  om  600  ILluuruiotu.     HAir-bouod 


-veyiu,  LevfillinCi  Had  Scttiu-ou 
ly  Pk7.  J.  Smtt.    Wilh«aIllBM 


By  ProroHr  John  ScoTT.^  Campiuiig^tlw  abm  Sina  VohuaHiaOM, 


Trndnc  of  tlH  Gcncnl  W^rk  of  the  Fun ;   Suck ;  Omtnci  Worii ; 
Laboor,  &c     By  R.  Scott  Buik 2f8 


Oatllnaa  of  ItKudad  Bstftt*a  MuiKfMnwnt. 

By  R.  SeoTTBoii'.'ji/B 


Tnuiaior  Ihe  Varitlio  at  Luidi.  Uuhodi  of  Farmini,  Scltini^oi  el 
"--Bi.Ttfl.di,  Fen™,  Gu»,  C- --     "-"   ' 
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Farming  uid  Fki 

(Vor  II.  ouTi 

ik:    0*ttla, 
(VoL  111.  Out 

Oklvy,  PUa,  and  Poultry. 

(Vol.  IV.  OvTUHu  OF  MoDUH  F&uiHG.)    By  R.  SooTT  Btnx    2/0 

il*!Um»tIeit  off  Sowago,  Irrigation,  and  BoolamatioK 
of  Waoto  Land. 

(VoL  V.  OUTDHU  or  Moduh  Fahhiho.)    By  R.  Scott  Bdhii  .     2/6 

OnUln«a  of  HodoFn  Farinlng. 

By  R.  Scott  Bu*h.    Coiui>lin|  of  tbi  abcy*    Tin  VoIiibh  is  Ow 
■  .•lopp  i  pmfuidy  llluHnled,  hilMnuDd IS/O 
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yrEALE'S  SCIENTIFIC  AND  TEt.IINICAL    SEXIES.      11 
Bonk-kaapliig  for  Varmmtm  and  Batata  Ownars. 

A  Pramical  Treatuc.  presenting,  in  ThreE  Plu»,  ■  niKD  mdapUd  lor  all 
duw  of  Fuuu.     By  I.  M.  WbuDHAH.     Fourth  Eduion  .     2/6 

Rubdy  R*okint«v  for  th*.  AdmMWOFunMit  of  Irfuid. 

ByA-AiKkH.  Rented  ind  ultndeJ  by  C  NoHii.   FiiTih  Editiaa    2/0 

Mill^'c    Oom     Maroluuit'B,     and    FarmoF's     Baady 
Baekonar. 

Second  Edition,  reviled,  witb  •  Price  Liu  of  Moden  Fltui  Mill  lUduBmzw, 
by  W,  S,  Huri««.  C.E 2/0 

Th«  H»T  and  Straw  Mcaaurar. 

New  Tublei  fiir  Ibe  Uie  of  AuctlaMin,  Viiuen,  Fumen,  Hi^  ud  Stair 
DuJan,  ftc     By  JOHH  Stulb 2JO 

Haat  Prodnotlon. 

A  MuBid  bt  PrsduCEn,  Diitribuion,  ud  Coniuincn  of  Botcbm'  Ueat. 
ByJcui-EwAiiT 2/6 


BhMp: 

T- _-, 

M.R.V.S.    Fifih  EdUiDO,  with  Ai 


l^e  Kiv«]F^  SinicluTe,  Econoiny,  ud  Diieuei  of.     By  W.  C.  Sfookil 


Haxk«t  and  Kitohon  Oarduiin^. 

ByCW.  Shaw,  lueEdilo(o("Giirdcntii(lUuwnued"  .    g;% 

Kitohu  ClardMdatf  Had*  Baay. 

Showiu  ibe  beu  mcaiu  of  CaltiminK  ereiy  kaown  Vegeublo  ud  H«rl^ 

Ootta^*  OardminC : 

Or  Flowcn,  Fniiu,  ud  Veiiuhlei  far  Smull  Gudcu     Br  E.  HawAT, 
iM 

Churdui  Rsoaipta. 

EdiKd  fay  Chaua  W.  QgiH |/6 


The  SooDtiSc  ud  ProCuUe  Coliuni  a£  Fiwn  the  French  ef  H.  D« 
Bmu.  Fifth  Edition,  euelully  Renwd  by  Gmokcb  ClBHHT.  With 
iSfWcedEUi 3/6 

Th«  Traa  Plantar  and  Plant  Propagator; 

With  aumiioM  llluMniiou  el  GnAioc,  Lnntne,  Unddioc,  '-r'liiiiti. 
HoBM,Pin,«e.     BrSAMUuWooD '.    2/6 

Tho  Traa  Pnuwr: 

A  Pnctical  MuutI  on  the  PnuuDE  of  Fndt  Tren,  Shnha,  aimbso,  aad 
--—■>■—..    With  nunierciiii^Uiutntiooc     »-" ."!"•..- 


ILWOOO      1/6 


Tha  Art  of  Oraftinf  and  Buddlnf. 

By  Chau^  BAl-m.    With  IlluHntioM 
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MATHEMATICS,    ARITHMETIC,  ETC. 

An  Elcmcnury  I'mtiu  on  ;  with  m  Theory  ii(  Studom  ud  ot  Pencctin, 
utncted  rum  Iht  Fnnch  or  C.  Mohci.  To  whidi  iiaddol  ■  Duoipiioo 
aflhcPrindpkmmndPmcticcDflKHiiFtricilPniJKlIan.  ByJ.r.HuTHB^ 
M.A.     Wiih  14  Pl»» 2/0 

PMwUoal  Plajia  Owomatry; 

GivinK  Ihr  Simplnt  Mad«  of  LofPIRICIinE  FifOKft  COfltHnol  In  doe  Plui« 
and  GcometricAi  CDjuuuction  at  the  Grouiu].  By  J.  F.  HBATKBlIt  M.A, 
With  jis  WotKlcilli 2/0 

AniUytloal  Oaometry  and  Oonio  SMitlona, 

A  Rudinirncarr  TrMd.e  on.  Bit  J«mH  Habh.  A  Mnr  EdiliaiL  «■ 
inilrtn»ndtTiliirg«ibyPn.fc«orJ.  ft.  VoUKO  .         .    Jt/Q 

BnoUd  (Th«  Blwnuita  ot). 

in  LtSt  "bj^^I^  Cl^^'fc.K.'!' 


..ry  E«.y  on  Lope.     By" ,  —    }- ^ 

SiU  mIu  iitatoltl.,  viM 
By  Hkhiv  L 


Dow. 


Bnolld.    Th.  Finn  lli™  Book^    By  Hkhiv  Law,  C.E. 
Bnelld.     Booki  ,.  5.  fi,  tr.  11.    By  Hamv  Law,  CE. 

Plan*  Trt^onometry, 

TbeKlomr.iIiof.     By  JamB  HAn. 

8ph«rloal  Trlgonotaatrr, 

I'hc    Eliminu  of.      By   Jahb  HaNK,      ReviHd   by  C 
■.•  Ormlk  "  Tkt Eltvuoli ii/ Plain  Trifrmmitrj"  i'mOiu  ytlmmt,  2^6 
DtffarantiaJ  Calaulns, 

BleBcnti  DFihc     By  W.  S.  a  WoOUIOlM^  F.R.A.S.,  ftc  .     %n 

Int^ral  CaloaliM. 

By  Hduiiishaii  Cox,  B.A. t/O 

Algabra, 

l-hE  ElcmcnK  of.  By  Jamb  Kadddh,  M.A.  With  AppaKlu,  cDnuinmc 
MuaUiu>».>>Invnti^ilons>nd>Colle<:iioni>rPnihI«iu  .    2/0 

A  Ka7  and  Oomputlon  to  th«  AboT*. 

An  eilfniive  Ripotitory  o(  Solvtd  Eumpis  And  Pnbkai  in  Alnbnu 
E,  J.  R.  Vor«r, ')/e 

Comm«roial  Booh-kaaplnC. 

With  CamiMTcl']  Phniici  ind  Foiau  In  En(1kh,  FVtadi,  It^iu,  ud 
Geraiin.    t)y  Jahu  Haddon,  MJ^ 1/8 

ArlthmaUo, 

A  Rudimenury  Tnmli»  cm.  Wilb  full  Eiplvuiion.  at  in  TtltaMicBl 
Principle.  Aitd  nuiM'nu  Eiunpla  for  Pnciio.  For  Iha  Vit  al  Sdnb 
uid  rw  Sclf-Iutrvciun.  By  J.R.  Youhg,  hiie  PraTHurof  Huhaiuic. 
In  Bclbjt  CoLleic.    lliincnili  Ediusn ]  /B 

A  K«j  to  th*  AbAva. 

fiyj.  R-YouNC 1/S 

BquKtlonal  Ajrlthmstio, 

Applied  la  Qnenion*  or  tnieru  Annnltica,  Life  AminiKX,  tat  Gencnl 
Conimcrc* ;  with  wiotu  Tablu  by  which  ill  Celcohtlcoi  m»  be  gieuly 
fidliieied.    ByW.  UinLKv .     t» 

Aiithm«tlo, 

RudinnitiirT,  for  the  Um  of  School)  ind  SelMnitrnaiOB.  B*  Iahbi 
Haodoh.  M.A.    Roi-fll  byAiiiAHAH  Akmah  .       .       .     iM 

A  K«y  to  tho  Abovo. 

ByA.Aim.» 1/a 
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If ath^m  ii<lfml   laBtruiiMiits : 

Itttir  Connrnctiun,  AdjuttBcni.  Teaing,  ud  Uh  eondKlir  EipluMd. 
Bt  J.  r.  HuTHKi',  U.A.,  of  ih<  Koyiil  Miliurr  Aodemj,  Wiwlmch. 
r»e«lh  Editioa.  Rsnicd,  wiih  Additioiu,  hy  A.  T.  Wauuiu*. 
U.l.CE.  Oricinul  Edilisa,  la  i  toL.  lUiuttuad  ....  2fO 
*B*  /s  rr^trimr  llu  MitP/^  it  tartfiU  t*  My  ^'  Ori^inml  Editimn"  tr  rwpt  Ikt 
a.mif  m  IJu  Stria  (3'),  It  diiUnttaik  it  yVm  Oi  Entarfid  E£liti  im 

DzMvlng  BJid  MmtMiaing  inatFomftitta. 

Includihi: — E-  InBirumtdU  tinploycd  m  Gvomdriad  «nd  hlccluiiicik]  DniW' 


■Vi  ADd  in  tb«  Conurudior.,  — r#— ■. • — 

Pmu    II.  [nununcnii  HHd  tor  at  jMitpotet  of  Ace 

HMfor  ArithiBctic&l  CompalaliGU.     By  J.  ¥.  Hcathek,  ai.a.  i/g 

Optlosl  IiiMtnunuit*. 

IndDdinc  (nuia   sipbuIlT)  TellCopM-    MiCTaacopea,   and   Apuntiu  for 
piodticui|r  copi™  o(ll»p«  and  Pl»ni  by  Pholography.    Bjr  J.  V.  Huthib, 

SvrwmybUf  &nd  ABtronomloKl  InstnuBants. 

ladodlDE — 1-   InttFumcntl  BHd  far  Dctennlnintf  tbe  GflomAlricKt  KtalURA 

g(  ■  purtian   of  Ground,     II.  Iiutnilneiill  UDplD '    '-   '■■ ■—'   ''^ 

•emiioBt.    By  J.  r.  HUTHU,  M. '      '" 


, _„ ^.. tnlMTfimmt  ^  Ikt  Aitlitr'i  rrifiiial  wittt, 

"M^kimAlicai  InitTumtmll.'  fritt  2/0-     ^Diariiul  al  ttf  ^  fag!.) 

H ath*aiaittoal  Inatrumuita : 

TIkit  ConAmcilnn,  AdJaitiBvntt  'I'euing  and  Uh.  CoMpruui/  Dnwini, 
Mtdiuring,  Opiicir,  Sumrini,  and  Aiironiiniical  Inalnimenu.  By  J.  F. 
HCATHkB,  M.A.  EnlaiKcd  Edition,  to-  the  motl  put  entirEly  n-wrilica. 
Tbe  TluM  Full  at  abort,  in  One  tbick  Voliune.         ....    4/S 

Th«  8Ud«  Bui*,  and  How  to  \S*m  It. 

ConlaininK  lull,  euy,  and  aimple  luSniEiionf  to  peifonD  all  Biuiiieu  Cal- 
cnblioni  with  unnaoipled  ri[HdilT  and  accnracy.  By  Cha*i.k  Hoaic, 
CE.    With  1  SUdt  Rule,  in  tuck  c/coMT.     Eiibth  Edition  .     2/6 

I<oC»rlthm«. 

Willi  Maibemukal  Tablo  Tor  Triconomelrical,  Aiironomical,  and  Naatial 
Calcnlaiiiini.     By  Hauir  I^w,  CTE.    Rs^i^  Edition     .  .    3/0 

Oomponnd  Iat«r«*t  «iid  AnxoltUa  (ThMwy  of). 

Wilb  Tables  o(  Lofaculiml  for  the  Bne  DilBcuU  Compotatiom  af  Intent, 
Dbcoom,  Asnuitio,  Itc.,  b  all  their  Applicationi  and  Uhi  Im  Hucantile 
■nd  Slate  Putinea.    By  Fbdou  Thomam,  Paiit.     Feunh  Edition    .    4/0 

MatlMiiuUloftt  TaiilM, 

ttK  TricnBametria],  AstroDooiical,  aikd  Nautical  CaUtdalimi ;  te  which  it 
'     ^    -       ■  •  "  By  H.  Law,  CE.    Tofetber  <ri(k  ■ 


••ofTaUealbrNavigatioaaiid  Nautical  AitraKMny.     By  Piofcnet  I. 
"       "-- --  4/0 


R.  YoDHS.    Nn  EdiUsn    . 


HathMiMila, 

Aa  applinl  le  th*  ConMnctin  Acta.  By  Funci*  CAUnN,  CE.,  ftc 
Thiid  EdUiaa  3/0 

AaAranomy. 

Bv  the  Tale  Re*.  RoReaT.  xrnM.  P.R.S.  Third  Edition,  nnied  aod  cor- 
iKiediaibePmentTiac     Bt^'^'^""'-^"-^^'  -        -    2/0 

Stktltw  and  D7iu«ii_. 

The  Princinia  and  b^'  J  Enbndne  alia  a  dear  devekniBiDt  at 
Hydr-uip,  Hrtn>d7»CI'!l'^««l  Cmnal  Fo««.  ByT.  B*™,  QK. 
Feanh  Edu»a  I'lliBtl'*'  ...     1/9 
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BOOKS    OF    REFERENCE   AND 

MISCELLANEOUS    VOLUMES. 

A  DIotionkFT  of  Pftillt«V>,  and  Handbook  for  Ptetura 

Bclni  ■  Gnida  for  Viillgn  lo  Ihiblic  iiid  PrinU  Picture  Galkrin,  ud  far 
An-Siiiilenta,inc]udiDiOlainrTDr  Tarm^  Skatch  sf  Principd  ScIhiiIic^ 
PiialiaiE,  &c     By  PHiurr*  DA■T^  B.A. 2/ft 

Vklntintf  PopnlKrly  Bxpl»lii«d. 

BtT.  J.  Gullich,  Punter,  ud  John  Tikk.  P.S.A.     IngrudiDC  Fraco, 
oil.  Mnuic,  Wiier  Colour,  Whd-OIib.  Tonpen   Ei>ciD<iic,  HInunn, 
Piiniinianlisir.Vdlqin.  PMi»y.  F.iULiMl.Glu^kc  sixth  E<lidi>n   B/0 
A  IHoUoiiK^  of  TaraiB   uood  In  AraUtootaFo,  Build- 
ing, BnClnMrlBtf,  Hlnintf,  HatKllartfr.  Archs»- 
olatyt  tno  Fine  Arte,  Ao. 


BrJoHHWuLK.     Sinh  Bdliitn.    EdUed  by  R.  Hvht,  F.R.S.    .    6/0 

Hasle: 

A   RudimenUrT  >nd   Pnaicxl  TtntUt.     Wab   ngnMrmu   Eiiinn>l«.     B* 
CHAii.n  CHI1.D  Spkrcu 2ya 

PUuieforto, 

The  An  al  PUyini  Iha.    Wtb  nuiBiraiu  Eieidis  wd  Lenou.     Bjt 
Cn Ai LB  Child  SrxMcn t/O 

Th*  Hanso  Maiiatfor. 

A  Guide  10  HoUNCkeepiac  Cookery,  Picklina  tnd  Pmerving,  HouwhoM 
nu'kii^,  G^Ri'n^'ft  ™  "Sf  Ah^ld  HauuKiini       .""".  SfS 

HMHual  of  Domoatlo  Madiolno, 

Br   R.    CoODiHr.,    M.D.      Intended  u  e  Finili  Guide  in  mil  we  of 

Ai-ridenl  ind  EnerEeacy.      Thild  Edilton,  cuefullr  cevi^l      .         .     2IO 

■ftttKtfomuit  of  H«alth. 

A  Munuil  of  Haim  uid  PcrHiiu]  Hyiiene.      Bj  Rei.  JikVE«   Bakd     IK) 

Matnnd  FhilOBOphv, 

FnrtbeUuofBeRinnov     By  CHAIILII5  TowLIKtON,  F.R.S.   .         .      1 /S 

Tho  BlomsntKvy  Prlnetplaa  of  Elootrlo  IiUfatiiuf. 

By    AuH     A.    Camkkh,    Shiktom,    M.In^t.UE.,    M.I.S.K.      mti 
EduiaB {jKtIPMMilUd    }« 

Th«  Blootrle  Talagraph, 

IuHi>toryuidProgre>.     By  R.  SAUn,  CE.,  F.S.A..  ftr.    .         .     3^0 

Handbook  of  Flold  Fortl  float  ion. 

ByM^orW.  W.  Kkollve.  F.R.G.S.     With  1(3  Woodcuti     .        .    3/0 
^^^■m  und  Applied.     ByS.H.  Ekhihi J/fi 

Iiook*  en  tho  Human  DndorBtandlng, 

SelMioni  from.     With  Nolo  !>]' S.  H.  Ehhf.ks         .        .         .         .      1  I6 

Tho  OompandiouB  Oalcalator 

(/■AiMn  Ca^B/'f/HiJ.     Or  E^y  >nd  Concine  Method'  a[  PerlonniEg  lh( 

TnoHctlcHii ;  iDRther  with  Uxful  TiUes,  (kc     By  DiHiSL  O  GiiiiiiA>i. 
Tw»ly-ei|ihili  Edilioii.  nmrullr  reviwl  by  C.  N'oavit    .        .         .    2/6 
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HMMnrw,  WsltfhtB,  Mid  Mon«Ts  of  »ll  HftUena. 

with  u  AnUyui  oF  the  Chriuiui,  Htbnw,  mi  Uahomiun  CdcndH*. 
By  W.  S.B.  WooLHC>vic,F.R.A.S.,  F.S.S.    ScYKIh  Ediiitm         .     2/6 

GntminaF  of  th«  Entflish  TobAia, 

SddIch  aixl  WrJtUn.     With  u  Inlnductinn  to  tha  Study 
RuJalosr-     BvHiDiCui(i[i,D.C.U     tirkh  EdilioiL     . 

Dtotlenary  of  tho  BnglUh  IiUtguAfo. 


KK,D.cu am 

OompiwlUoB  and  PanotukUon, 

"miliuiy  Eiplutwd  for  thoH  i>ho  have  Mglscud  Ihc  Study  of  GniaiUT. 
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